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Deutsche Zusammenfassung

Einflihrung

lonische Flussigkeiten (Room Temperature lonic Liquid3HR) sind Salze mit einem
Schmelzpunkt unterhalb vat0D0 C. Sie bestehen aus voluminésen organischen Kat-
ionen und groltenteils anorganischen Anionen die vernmealth organische Seiten-
ketten besitzen. In den letzten Jahren ist das Interessd lus Riegen Ihrer charak-
teristischen Eigenschaften stark gestiegen. RTILs @sigme einzigartige Kombina-
tion von Eigenschaften, wie z.B. einen sehr geringen Dampfdbei Raumtemperatur,
einen niedrigen Schmelzpunkt und ein grof3es elektroclotressFenster. Daraus ergibt
sich ein weites Anwendungsfeld flr RTILs z.B. als recyclelgaiine Losungsmitteéls
Elektrolytin einer Reihe von elektrochemischen Prozessien als vielseitiges Schmier-
mittel. Aufgrund ihrer einzigartigen Eigenschaften hatb®riLs auch die Aufmerk-
samkeit der Grundlagenforschung auf sich gezogen.

Schmelzen herkdmmlicher Salze wurden schon lange vor deth8se der ersten
RTILs verwendet und untersucht. Der hohe Schmelzpunkt l{alz schmilzt erst
oberhalb vor800 C) schrankt die Anwendungsmoglichkeiten dieser Schmeliak s
ein. Auch ist das Studium dieser Flussigkeiten aufgrundogantigten komplexen und
aufwendigen Experimentierumgebungen erschwert.

Die erste RTIL wurde bereits 1914 durch Walden et al. [1] eckdl Allerdings
zersetzt sich diese erste Generation von RTILs bei Kontakiiem in der Luft enthal-
tenen Wasserdampf. Im Jahre 1992 wurde die erste erfahgr&gnthese von RTILs,
die sich bei Kontakt mit Luft und Wasser nicht zu zersetzdneswen, berichtet [2]. Die
Madoglichkeit, RTILs auch bei Umgebungsbedingungen eiresetzu kdnnen, eréffnete
ihnen einen gré3eren Anwendungsbereich.

Ein hervorstechendes Merkmal der RTILs ist die Moglichkigsite physikalischen
und chemischen Eigenschaften in einem weiten Bereich zindern. Deshalb werden
Sie auchDesigner-Lésungsmittglenannt. Die Eigenschaften der RTILs kénnen durch
Veranderung der chemischen Zusammensetzung ihrer Katiom#foder ihrer Anionen
variiert werden. Bisher geschieht dies aufgrund von Etfabrund nach der Methode
von Versuch und Irrtum. Ein fundamentaleres VerstandnisVdechselwirkungen in
RTILs kénnte die Vorhersage von Eigenschaften bestimmidécfkermdglichen. Um-
gekehrt kdnnte dann auch die notwendige chemische Striikt@ine RTIL mit einer
bestimmten Konstellation an physikalischen und chemisdbigenschaften bestimmt
werden.



In der Mehrzahl der Anwendungen fir RTILs spielen Grenz écleine wesentliche
Rolle. Fur die Kontrolle des Verhaltens und der Leistuniysfiéeit von RTILs z.B. als
Elektrolyt in Batterien, als Losungsmittel oder als Schrmigtel ist die Kenntnis des
Grenz &chenverhaltens von RTILs auf molekularer Ebenerlésslich. Es ist zu er-
warten, dass sich das Verhalten von RTILs in einer eingéséiten Geometrie wie z.B.
an einer Grenz ache gegenuber dem im Volumen unterschekidtder anderen Seite
ist es auch mdglich, aufgrund des gestorten Krafteglewlaes an der Grenz &che
Eigenschaften zu beobachten und zu studieren, die im ValweeFlissigkeit schwerer
zuganglich sind (siehe z.B. Reichert et al. [3]). Das Stoddes Verhaltens von RTILs
an einer Grenz ache ist daher nicht nur fir Anwendungervasié sondern kénnte auch
zu einem tieferen physikalischen Verstandnis der RTIL&hgen.

Die Grenz ache zwischen Ussigen RTILs und Gasphase istgieausfuhrlichsten
untersuchte Grenz ache, da sie mit einer Vielzahl von eixpentellen Techniken zu-
ganglich ist. Dem gegenuber sind bisher nur wenige Studiendie fest- Uissig Grenz-
ache veroffentlicht worden. In einem grof3en Teil der thetschen Arbeiten wurde
das Grenz dchenverhalten mit Hilfe von Modellpotentiaféin RTILs simuliert [4, 5].
Neben wenigen Rasterkraftmikroskopie (AFM) Experimeri&n nden sich zu fest-

ussig Grenz achen in der Literatur hauptsachlich Ergets@ spektroskopischer Mes-
sungen (SFG) [7, 8]. In dieser Arbeit wurde ein fur das Stoduon tief vergrabenen
Grenz &chen angepasster Messplatz an dem Strahlrohr ID@6A Europaischen
Synchrotron Strahlungsquelle (ESRF) verwendet [9]. Mitd+®ines hochenergetischen
(E = 72:5keV) Rontgenmikrostrahls wurden Elektronendichtepro le ar Grenz-
ache zu Saphir mit molekularer Au 6sung bestimmt. Die felgden vier RTILs wurden
in dieser Arbeit untersucht:

1. 1-Butyl-3-Methylimidazol Tetra uorborate ([ominj[BF, ])

2. 1-Butyl-3-Methylimidazol Hexa uorphosphate ([omiiiPF; ])

3. 1-Hexyl-3-Methylimidazol Bi(tri uormethylsulfonylimide ([hmim"][Tf,N ])
4. 1-Butyl-1-Methylpyrrolidin Bi(tri uormethylsulfony)imide ([ompy" ][Tf.N 1)

In den Systeme@-4 wurde an der Grenz ache zu Saphir eine molekulare Schicht-
struktur mit Anionen und Kationen in getrennten Lagen bebbst. Zusatzlich zu den
Roéntgenmessungen wurden Ober &chen- und Grenz achemspayen der vier RTILs
bestimmt.

Hochenergie Rontgenre ektivitat

Bei Re ektivitatsmessungen wird die Intensitét eines areeiGrenz ache re ektierten
Rontgenstrahls in Abhangigkeit des vertikalen Impulstiages gemessen. Dies ge-
schieht durch die symmetrische Variation des Einfallwlakend Ausfallwinkels. Die
Re ektivitatskurve enthélt Informationen Uber das Elektendichtepro | senkrecht zur
untersuchten Grenz &che. Konventionelle Rontgenre ekditsexperiements werden
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typischer Weise mit einer Strahlenenergie @20 keVdurchgefuhrt. Dies fuhrt dazu,
dass die Rontgenstrahlen bereits nach wenig#h m absorbiert sind. Mit hochener-
getischer Rontgenstrahlung (70 keV) sind aufgrund der geringeren Absorption tief
vergrabene Grenz &chen experimentell zuganglich. Auigrder kleineren Winkel bei
gleichem Impulsubertrag werden fir hochenergetische Reigdtsexperimente sehr
prazise Diffraktometer bendétigt. Ein Diffraktometer miérdnotwendigen Prézision
wurde 2003 in unserer Arbeitsgruppe entwickelt [9].

Zur Rekonstruktion der Grenz achenstruktur aus den gesress Re ektivitatskur-
ven wurden aus Modellen fir die Elektronendichte Re ek#iskurven mit Hilfe des
Parratt und des Master Formalismus berechnet. Die bersohiRe ektivitatskurven
sind mit Hilfe eines Computeralgorithmus an die gemess&wektivitaten angepasst
worden. Der verwendete Monte Carlo Algorithmus [10] erkaabch in hochdimen-
sionalen Parameterraumen das Auf nden des globalen Mimmaod ermoéglicht somit
die zuverlassige Bestimmung von Elektronendichteprodas den Re ektivitatskurven.

Experimentelles

In dieser Arbeit wurden vier verschiedene RTILs untersudbiee Flussigkeiten wur-
den von der Firma Merck KGaA [11] mit hohem Reinheitsgraddgen. Um Uchtige
Verunreinigungen wie Wasser aus den ionischen Flussegkaiti entfernen, wurden
diese bei einer Temperatur v&0 C fur 24 Stunden einem Vakuum vohmbar aus-
gesetzt. Als Modell fir eine harte Wand wurden Proben ausiBapt (0001) Ober-
achenorientierung verwendet. Die Saphir Substrate warde einer Reihe von
organischen Lésungsmitteln gereinigt und anschlie3emiranha Lésung geatzt. Die
so erreichte hydrophile OH-Terminierung wurde durch ireei8auerstoff Atmosphéare
mit UV-Licht erzeugtes Ozon verstarkt.

Die Rontgenre ektivitatsexperimente wurden am Hocheremgssplatz ID15A der
Européaischen Synchrotron Strahlungsquelle (ESRF) in @en Frankreich mit Hilfe
eines neuartigen und speziell fur Grenz- und Ober &chenefirpente optimierten
Hoch-Energie-Mikro-Diffraktometers (HEMD) durchgefiihr Ein hochenergetischer
RontgenstrahlE = 72:5keV) wird mit einem Linsensystem (CRL), bestehend aus
194 einzelnen parabolischen Aluminiumlinsen, auf die Bngwosition fokussiert. Der
Rontgenstrahl kann damit auf eine Groflde vborm 26 m (vertikal horizontal)
gebundelt werden. Somit wird auch bei kleinen Einfallsveimk ; ein méglichst kurzer
Beleuchtungs eck erzeugt. Die Strahlendosis wurde nag@hes dreieckigen Absorber-
blocks aus Polymethylmethacrylat (PMMA) sowie einer sdhrechlie3enden
Verschlussblende im Priméarstrahl soweit als mdglich rezttizum eine Zerstérung der
organischen Molektile weitestgehend zu vermeiden.

Die verwendete Probenkammer wurde speziell fir Re ekitginessungen
entwickelt. Sie ist vakuumtauglich bis zu einem Druck vowat0 ® mbar. Die
Temperatur der Kammer kann im Bereich voh20 C bis+250 C eingestellt werden.
Alle Materialien die sich in direktem Kontakt mit der Probetden sind chemisch inert
und einfach zu reinigen um Verunreinigungen zu vermeiden.



Die Messungen der Ober achen- und Grenz achenspannungedem an dem Gerat
OCA 30 (Dataphysics) mit dé?endant DropMethode durchgefiihrt.

Ergebnisse und Diskussion

\Von den vier verschiedenen untersuchten RTILs, enthalkesi das gleiche Kation,
[omim*], und die am h&u gsten und umfangreichsten analysierteioden, [BF; ]
und [PF]. Die anderen beiden RTILs gehoren zu einer neueren GruppeRTILs
mit einer verbesserten elektrochemischen Stabilitat. eStealten das gleiche Anion,
[TfoN ], und ein pyrrolidin-basiertes bzw. ein imidazol-bassrKation. Der systema-
tische Austausch der lonen-Typen in diesen vier RTILs lieBreausgepragten Ein uss
des lonen-Paares auf das Grenz &chenverhalten erkennen.

Zusatzliche Informationen tber die Wechselwirkungen in datersuchten Sys-
temen wurden durch Messungen der Ober achen- und Grene@sbpannung mit
n-Hexan bei Normalbedingungen fiir alle vier RTILs erhalt&ie Ober &chenspan-
nungen der RTILs sind groR3er als die Ober &chenspannungwdexan aber dennoch
kleiner als die von Wasser. Die Messungen zeigten, daseekiiAnderungen des
lonen-Typus nur einen geringen Ein uss auf die Ober &chand Grenz achenspan-
nung hat. Die Ergebnisse deuten daraufhin, dass die (gasysrenz achen von RTILs
und RTIL-n-Hexan Grenz &chen zu annéhernd gleichen Tedles Kationen und An-
ionen bestehen, d.h. es ndet keine Ladungstrennung aemli@senz achen statt.

Die Ergebnisse zur Struktur an der Grenz &che wurde mitd-¥bn Rontgenstreu-
experimenten im Volumen der Flussigkeiten in Zusammeninaihgen Volumeneigen-
schaften der RTILs gesetzt. Diese Messungen zeigten, desgge@ragte raumliche
Korrelationen in den RTILs vorhanden sind. In allen Fallearden Korrelationen
beobachtet, die dem Ring-Ring Abstand der Kationen odeex#en Solvatisierungs-
schale des Anions zugeschrieben wurden. Ein ausgepragidsiidl, welches auf Kat-
ionen Zentroid-Zentroid Korrelationen oder Kation-Katidbstande hindeutet, wurde
in der Volumen ussigkeitsstreuung von [bmiffPF; ], [hmim*][Tf,N ] und [bompy']
[TfoN ] beobachtet. Die imidazol-basierten RTILs zeigten zdi#iz Streusignale
im Bereich kleiner Impulsubertrédge. Diese Signale wurdetteireichweitigen Kor-
relationen der Alkyl-Ketten der Kationen zugeordnet, wasc Ergebnisse aus der
Literatur unterstitzt wird. Es wurde keine signi kante Teenaturabhangigkeit der
Flassigkeitskorrelationen festgestellt. Der Vergleidn \Korrelationsabstanden in der
ussigen Phase mit denen im kristallinen Zustand von [biiiiRF, ] zeigt, dass auch
in der ussigen Phase ein gro3es Mal3 an Strukturordnungdihaém kristallinen Zu-
stand vorhanden ist. Fur [omp}fTfoN ] fihrte die Sattigung mit Wasser (maximal
14800 ppmWasser konnen geldst werden [12]) zu keiner Veranderung/olemen-
ussigkeitskorrelationen im untersuchterBereich .

Die Messungen der Rontgenre ektivitdten zeigen deutlidass eine molekulare
Schichtstruktur von ladungsgetrennten Doppellagen arGdenz ache zu Saphir bei
den RTILs [bminT][PFg ], [hmim*™][Tf,N ] und [bmpy ]J[TfoN ] vorhanden ist. Der
Lagenabstand betragt ungefabA. [bmim*][BF,] zeigte keine Merkmale einer
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Schichtstruktur in dem untersuchtgrBereich. Die rAumlich ausgedehnteste Schicht-
struktur an der RTIL-Saphir Grenz &che mit einer Abklingfe von etwal:5 Lagen-
abstanden wurde fur [bomin[PF, ] beobachtet. Im Falle von [hminj[Tf,N ] fallt
die Schichtstruktur tiber ungefahrl Lagenabstéande ab. Bereits nach e@mlLagen-
abstanden zerfallt die ladungsgetrennte Schichtstrukbar [ompy ][TfoN ]. Eine
Temperaturabhangigkeit der Rontgenre ektivitat konniefiir die Grenz ache [bmpy]
[Tf,N ]-Saphir beobachtet werden. Dieses Temperaturverhaitent& durch eine An-
derung der Konformation des pyrrolidin-Rings des Katioasusacht werden. Bei mit
Wasser gesattigtem [bompjfTf,N ] wurde keine Schichtstruktur beobachtet.

Die RTILs, die eine molekulare Schichtstruktur an der Gréelze zu Saphir aus-
bilden, zeigen Korrelationsabsténde in den Volumenskgergmenten, die den Lagen-
abstanden der Schichtstrukturen &hnlich sind. Der WertQlesr &chenspannungen
der RTILs hangt nur in geringem Mal3e von den lonen-Typen ale. @enz achen-
struktur hangt jedoch signi kant von den lonen ab. Es wirdada gefolgert, dass die
ladungsgetrennten molekularen Schichtstrukturen am karéen Wand der Tendenz zur
Ordnungsbildung in der Volumen Ussigkeit folgen.

Mit zwei Modellen fur das Elektronendichtepro |, dem semuantitativen (SQ)
generischen Lagen-Modell und dem modi zierten defornaerKristall (DC) Modell,
wurden vergleichbare Werte flr den Lagenabstand und dial&ténge der moleku-
laren Schichtstruktur erhalten. Die Ergebnisse fur derebapstand und die Zerfalls-
lange werden daher als fundierte zuverlassige Werte lieéiaddas DC Modell fuhrte
mit einer Kationenlage am Saphirsubstrat zu deutlich lveegérgebnissen gegeniber
einer Anionenlage am Saphirsubstrat.

In dieser Arbeit wurde erstmals eine Analyse der Grenz &chwischen RTILs
und einer harten Wand mit molekularer Au 6sung mit Hochgnerdntgenre ektivitat
vorgenommen. Unsere Daten zeigen deutlich, dass eine erpelhgedampfte, ladungs-
getrennte Schichtstruktur senkrecht zur Grenz &che ariBauftritt, hervorgerufen
durch Eigenschaften der Volumen ussigkeit. Die Zerfadlsjen hangen entscheidend
von den lonen in den RTILs ab. Wegen der komplexen Natur dersuchten Sys-
teme und der ungeheuren Anzahl an RTILs sind weitere Stuthémendig, auch mit
anderen experimentellen Techniken, um diese ersten Esgslrur Struktur von RTILs
an fest- Uissig Grenz &chen mit molekularer Au 6sung zu lbé&tsgen.



Introduction

Room temperature ionic liquids (RTILs) are molten saltsststmg solely of ions with a
melting point belonwl00 C. Most RTILs are composed of relatively large (polyatomic)
organic cations and inorganic anions. In the last few ydsdriterest in them experi-
enced an enormous growth. Their unique and useful propéditie non-volatility, low
melting point, and a wide electrochemical window rendentlseiitable for a wide range
of applications, i.e. as green solvents, or as electrolyt@svariety of electrochemical
processes, and have also drawn the attention of fundanresgadrch.

The rst RTIL was synthesized as early as 1914 [1]. Only altri@fsyears later, in
1992, the rst synthesis of an air and water stable RTIL wasorged, enabling appli-
cations at ambient conditions. Even before the synthediseofrst RTIL, efforts were
made to employ conventional salts for technological preegesHowever, due to the high
melting points of conventional salts (sodium chloride tstém melt above800 C) pos-
sible applications were limited. Sophisticated and compbgerimental environments
are necessary to handle these high temperature ionic $iquid

A novel characteristic of RTILs is that their properties @asily be modi ed in a
wide range. For this reason they are also referred to asrdassglvents. The modi ca-
tion is accomplished by varying the chemical compositiothef bulky organic cations
and/or inorganic anions of the RTILs. So far, this is guidgakperience and trial and
error. A more fundamental understanding of the interastfmesent in RTILs could lead
to reliable predictions of the properties of a certain RIlce versa, it could be used to
de ne the composition of the RTIL ions for a speci ¢ set of pexties.

In many of the applications of RTILs the interface is a vitahgponent. In order
to control the performance of RTILs used as electrolytesatidoies, as solvents, or
as versatile lubricants, the knowledge of the interfacethdyior at a molecular level
is of outmost importance. It is expected that the behavi@ aon ned geometry, e.g.
at interfaces, differs signi cantly from the bulk. On thehet hand, the interfacial be-
havior could readily reveal interaction forces and prapsrivhich are accessible only
with major efforts from the bulk liquid [3]. Thus, the study BTIL interfaces is not
only essential for many applications, but may also lead t@epdr understanding of
the bulk liquid. So far, most studies were focused on the RA&por interface, since
the RTIL surface can be accessed straightforward with a laagiety of experimental
techniques [7, 8, 13-15]. In contrast, only a few studiehefRTIL-solid interface are
available up to now. A large part of these studies are contiput, employing model
potentials for the description of the RTILs [4,5]. Besiddew attempts of using atomic
force microscopy (AFM) or scanning tunneling microscopy N8 [6] mainly sum-
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10 INTRODUCTION

frequency vibrational spectroscopy (SFG) [7, 8] has beed tig study the RTIL-solid
interface. In this work, an optimized experimental schenas wsed in order to access
deeply-buried interfaces for studies of the RTIL-soliceifiice [9]: A high energy x-ray
microbeam E = 72:5keV) probes the interface in transmission-re ection geometry
Measurements of the x-ray re ectivity allowed it to dedube €lectron density distri-
bution in the vicinity of an interface with molecular restun.

A total of four RTILs has been investigated for this diplorhadis:

1. 1-butyl-3-methylimidazolium tetra uoroborate ([omiiBF, ])

2. 1-butyl-3-methylimidazolium hexa uorophosphate ([lom ]J[PF; ])

3. 1-hexyl-3-methylimidazolium bis(tri uoromethylsufiyl)imide ((hmim"][Tf,N ])
4. 1-butyl-1-methylpyrrolidinium bis(tri uoromethyldtonyl)imide ([ompy" ][Tf2N ])

In the system&-4 we found molecular layering at the interface with the déf&rion
types strati ed in separate layers. In addition to the dtrtad investigations, measure-
ments of surface and interface tensions have been performed



Chapter 1

Basic description of the system

1.1 Room Temperature lonic Liquids (RTILS)

What is a room temperature ionic liquid (RTIL)? In principleis a molten salt, thus
consisting solely of ions, with a melting point beld®0 C. Most RTILs are composed
of relatively large (polyatomic) organic cations and iremg anions. Among the more
common cations are the ones based on imidazolium and pyimipim. More recently
synthesized anions also contain uorocarbon groups.

One of the rst RTILs has been discovered as early as 1914yEt]it was unstable
when exposed to water vapor. In 1992, the successful syatbkair and water stable
RTILs with 1-alkyl-3-methylimidazolium based cations dads reactive anions such as
tetra uoroborate was reported [2]. This led to a broadercspen of possible applica-
tions, and therefore to a growing interest in RTILs. Thengsscienti c interestin RTILs
and their potential applications has triggered an expéopnogress in the eld of RTIL
synthesis and fundamental research. Nowadays more thaRTIQ6 are commercially
available in high purity [11]. Studies focusing on the badigsico-chemical properties
of the most common RTILs are available to a large extent. &pélly increasing re-
search activity is re ected in the exponentially growingmioer of publications per year
since 1992 (see Fig..1).

RTILs have drawn attention due to their unique propertiese most striking are
a negligible vapor pressure at ambient temperature, welgrechemical window, low
viscosity, versatile solvent capability, and large liqusdange. The liquidus range of
RTILs is limited at the high temperature end by decompasitedher than vaporization
due to a low vapor pressure. The decomposition of RTILs acouthe range800 C
- 450 C [17] due to pyrolysis. The vapor pressure for several RTlsong them
[omim*][Tf,N ] and [ompy ][Tf,N ], has been determined to l&ambar at 300 C
[18]. RTILs fall into a class of newtonian uids with a sigrgantly high viscosity com-
pared to conventional solvents [17]. Many RTILs exhibit @8y temperature depen-
dence in their viscosities.

In addition, these properties can be tuned and adjusteddngahg the structure and
the composition of the ions composing the RTIL. A certainstetiation of required
properties for a speci ¢ application can be met by varying tiature of the ions, there-

10
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1049
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Figure 1.1: Number of publications per year containing theapeionic liquid in their
title as obtained from Sci nder scholar [16].

fore they are sometimes called designer solvents. A fundahanderstanding of the
correlation between the chemical structure of the RTIL iand their corresponding
properties is only about to arise. Hence, the before meatidaning of properties is
achieved mostly by trial and error.

A large variety of applications already employ the uniquarelsteristics of RTILs
(see Fig.1.2. Among them are electrochemistry, synthesis, catalysistaocatalysis,
analytics and sensorics, and engineering uids. The appbas of RTILs in these elds
span a wide range. A few examples are the use as electrotytegtteries [19], in gas
sensors [20] and for electrodeposition [6, 21], as versdiigh performance lubricants
[22, 23], as heat transfer uids [24], as matrix medium in gasomatography [25], as
solvents in catalytic reactions replacing volatile orgasolvents [26], and as solvents
in studying the ripening process of bananas [27]. Just tBcBiILs were employed in
building the prototype of a lunar liquid mirror telescop&]2

Beside the fact that RTILs have outstanding properties ngaktiem suitable for a
broad spectrum of applications, they represent a uniqueshsydtem from a physical
point of view. A complex combination of van der Waals, Coulpmipole, and hydrogen
interactions are present in RTILs. The impact of each ioteva force may be studied
systematically by changing the structure of the cationsw@res. By adding a dielectric
solvent into a RTIL screening of the Coulomb forces can baiabkd as a function of
the solvent concentration [29]. Another aspect is that tieegy/entropy ratio of the free
energy is much closer to the one of atomic systems comparttt toolloidal systems
at mesoscopic length scale which are widely used to mimicséundly structural aspects
and uctuations of atomic systems.
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synthesis / catalysis

green solvents
phase separation

electrochemistry

batteries
electrodeposition

analytics / sensorics

gas chromatography
sensor electrolytes

engineering fluids

lubricants
heat transfer fluids

Figure 1.2: Overview of the most common elds employing RSIL

1.2 RTILs at interfaces

Many of the potential applications of RTILs involve the prase of interfaces as a vital
component. In tribology, for instance, the performance tedef ciency of a RTIL
as lubricant depends highly on the interfacial propertlaslectrochemistry, the elec-
tron transfer between the RTIL and an electrode, dependsatisuon the nature of the
interface. For such applications the knowledge of the fatéal structure of RTILs at
molecular level is essential. The study of RTIL interfacesynalso lead to a deeper
understanding of the physical and chemical propertiesebtlik liquid since the sym-
metry break and unbalanced forces at the interface may Irexteeactions, behavior,
and properties which are dif cult to probe in the bulk ligutdelf.

Experimental techniques which have been used to study Rajor interfaces on
a molecular level are direct recoil spectrometry (DRS), dtequency generation vi-
brational spectroscopy (SFG), and neutron and x-ray revigt Due to the low vapor
pressure, also ultra high vacuum-based techniques suchragialet photoemission
spectroscopy (UPS), x-ray photoelectron spectroscopys{XBnd metastable impact
electron spectroscopy (MIES) have been applied to reveastitucture of RTIL-vapor
interfaces. In addition, molecular dynamics simulatioagenbeen carried out for the
RTIL-vapor interface. The properties of RTIL-vapor ineeés determined by the dif-
ferent techniques qualitatively agree with each other.sAlbies report a well-ordered
structure for one layer at the interface. On the other hdretetare still open questions
concerning the details of ion orientation and the compasiof the rst layer at the
interface. SFG measurements [7, 8, 30, 31] revealed thatutiace layer is composed
of an equal amount of cations and anions. The same resultepasted by the DRS



1.3. INVESTIGATED RTILS 13

studies [13, 14, 32]. Surface x-ray re ectivity foundl@ % enhancement in the anion
density in the surface layer compared to the bulk liquid [d&d no ion layering. Molec-
ular dynamics simulations of the same system con rm theltefthe x-ray re ectivity
study of the enhanced anion density at the surface [33,84prkdicted a layering of the
ions near the surface. The picture of the cation orientatdhe interface is still blurry.
The orientation of the cation could not be revealed by x-gagativity. SFG measure-
ments reported a orientation of the imidazolium ring of théan which is parallel or
only slightly tilted with respect to the surface, whereas &tkyl chains point towards
the vapor phase away from the liquid. DRS investigationsa&d an imidazolium ring
orientation perpendicular to the surface with the alkylichaligned along the surface.
As different as these results on the cation orientation negynsat rst, molecular dy-
namics simulations showed that indeed both imidazoliurg dnentations are present
in different regions of the liquid-vapor interface. In denareas the imidazolium ring is
aligned along the surface normal, whereas less dense sedioser to the vapor phase
are composed of cations with their imidazolium rings omehparallel to the surface
plane [33].

Studies concerning the structure at RTIL-liquid interfaeee rather scarce. Inter-
faces between two immiscible electrolyte solutions (IT\&#th one of them being a
RTIL have been studied, focusing mainly on cyclic voltammypet the liquid-liquid in-
terface, electrocapillarity, and molecular dynamics &sifi35, 36].

Up to now, only a few experimental techniques are capableatfipg RTIL-solid in-
terfaces and even less with subnanometer resolution. Attemgare SFG, x-ray re ec-
tivity, atomic force microscopy (AFM), and scanning turinglmicroscopy (STM) [6].
SFG studies focusing on the RTIL-Siinterface have been reported by two different
groups [7, 8]. They both suggested an imidazolium ring daaton more parallel to the
surface plane than perpendicular to it. Romero et al. [8tulesd a signi cant anion
impact on the cation orientation near the interface. They edvealed that both ions are
present at an interface with hydrophilic SiQvhereas the imidazolium ring of the cation
is slightly tilted out of the interface towards the intedacormal. The tilt angle of the
cation was reported to increase with an increase of the $itee@nion composing the
RTIL. However, Rollins et al. [7] found only a negligible am impact but a strong alkyl
chain length in uence on the cation alignment in the inteidregime. More particular,
the authors found that the imidazolium rings are alignedenparallel to the interface
with decreasing alkyl chain length. The same effect apEayancreasing the negative
surface charge of the quartz substrate.

1.3 Investigated RTILs

In the course of this work four RTILs have been investigatdivo of them share
the same cation, 1-butyl-3-methylimidazolium [bmiifrbut different anions, hexa u-
orophosphate [Rf and tetra uoroborate [Bf]. They are among the most widely used
and extensively studied RTILs since they are easy and cleeapnthesize. In addi-
tion, they are supposed to be air and water stable - exaalgribperties required to re-
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place volatile organic compounds in large scale industhiamical processes. The other
two RTILs contain the same anion, bis(tri uoromethylsuifd)imide [Tfo,N ] but differ-
ent cations, 1-hexyl-3-methylimidazolium [hmifhand 1-butyl-1-methylpyrrolidinium
[ompy*"]. RTILs containing [TEN ] exhibit exceptional properties like hydrophobic-
ity, high thermal and electrochemical stability, low visdg, high conductivity, and low
melting point. Thus, they are well suited as solvents foitlsgtic and electrochemical
applications [37]. In the following, the physico-chemipabperties of these four RTILs
are summarized and discussed. Figlré shows the structural formulae of the ions
composing the four investigated RTILs and Fig4 depicts sketches of the molecular
geometry of these ions.

1-butyl-3-methylimidazolium 1-hexyl-3-methylimidazolium
H.C
3 \N%\
N

CH,
hexafluorophosphate 1-butyl-1-methylpyrrolidinium
CH,
F\ ) /_ﬁ
F—P—F +

I\ N—cH

= F
tetrafluoroborate bis(trifluoromethylsulfonyl)imide

F >k
o
F—B—F // \
// S-S

F \(\) .

Figure 1.3: Structural formulae of the ions composing the RTILs investigated in
this work.
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1-butyl-3-methylimidazolium  1-hexyl-3-methylimidazolium

~44

tetrafluoroborate

~25A

hexafluorophosphate bis(trifluoromethylsulfonyl)imide

~

O
oo
~3A

Figure 1.4: Sketch of the molecular geometry of the ionsstigated in this work (taken
from the database Sci nder Scholar [16]; carbon: gray, bgen: white, nitrogen: blue,
uorine: light blue, boron: pink, phosphorus: orange, sulfyellow, oxygen: red).

Typical distances in the molecular ions are indicated.
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Table 1.1: Physico-chemical properties of the four RTILs. heTmolar mass
m=(gmol ), melting pointT,=( C), glass transition temperatui®, =( C), bulk
liquid density% fgcm 3), index of refractionn, viscosity =(mPas), surface ten-
sion =(mNm 1), electrical conductivity = (10 3Scm 1), maximum water uptake
= (ppm), and electrochemical windoW =(V).

[omim*™][PFs] [bmim*][BF,] [hmim*][Tf,N ] [ompy*][TfoN ]

CASno. 174501-64-5  174501-65-6  382150-50-7 223437-11-4
Formula C3H15F6N2P CgH15BF4N2 C12H19F6N3O4SZ C11H20F6N204SZ
m 284.18 226.02 447.42 422.41
Ty 12.0 -15.0 -6.0
Ty -77.0 -83.0 -81.0 -83.0
% 1.37 1.21 1.38 1.40
n' 1.411 1.429 — —

d 182.0 75.0 56.0 60.0

¢ 43.5 44.2 31.0 33.2

d 1.9 4.5 2.7 3.4

22600 miscible® 10670 14800

wd 4.2 4.19 6.3 6.8

a: taken from Ignat'ev et al. [12].

b: taken from Huddleston et al. [38].

¢ measured in this work af =22 C (see Sed!.2).

d: T =30 C;taken from Tokuda et al. [39]

€. measured in this work (see Sécl).

f: T =20 C, inthe optical regime; taken from Carda-Broch et al. [40].
9: taken from Schroeder et al. [41].

Most RTILs exhibit a rather complex thermal behavior. Theyndt crystallize upon
cooling from the liquid state due to slow solidi cation kities but form metastable
glass states at low temperatures, typically aroud® C. Heating a RTIL sample in
the glassy state leads in many cases to crystallizationsaarbequently, melting. Fig-
ure 1.5shows a temperature dependent differential scanningicety (DSC) plot of
[bmim™ ][PF4 ] measured by Choudhury et al. [42]. Itis therefore not akwstyaigthfor-
ward to determine the melting point and the glass transaidRTILs. This is re ected
in the broad scatter of the values of these properties foouhiterature. This should be
kept in mind upon using the values summarized in Tab.

The in uence of the ion size and their symmetry on the meltognt has already
been studied extensively [17]. An increase of the cation@nahion size leads to a
lower melting point for two reasons. First, the interionistdnce increases with the
ions getting bigger. Second, with increasing ion sizes timécicharges become less
localized. The melting point changes also upon modi catdthe ion symmetry. The
symmetry can be in uenced by the position and length/sizeulfstitutes at the ions.
As a rule of thumb one might say that for more symmetric iohs, melting point is
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increasing. On the other hand, by increasing the lengtheftkyl chain in 1-alkyl-
3-methylimidazolium cations, the corresponding RTILS ifjiim*] [PF;]) showed a
decrease of the melting point up b = 8 (octyl), followed by an increase of the
melting point with a further increase of [17]. A comparison of the melting points
of [omim* J[PFg] and [hmim"][Tf,N ] supports these ideas on the dependence of the
melting point on ion size and symmetry.

The dynamic viscosities of the RTILs investigated in thiskvare in the range of
50 mPasto 200 mPa s(water exhibits a dynamic viscosity &894 mPa3. For the
viscosity of [bmini] [PF;], an increase o7 %at a temperature change fra2s C
to 20 C was reported [17]. The solvation properties vary with camd anion type.
[omim™][BF, ] is known to be hydrophilic, whereas [bmifiPF, ], [hmim*][Tf,N ],
and [bmpy J[Tf,N ] are hydrophobic [17]. Hydrophobic RTILs are discussedeas r
placements of volatile organic compounds in agueous/Righdse separation schemes
[17]. The hydrophobic [bmim][PF4 ] has been found to be totally miscible with aque-
ous ethanol betweeh5 and0:9 molfraction of ethanol in contrast to partial miscibility
with pure ethanol [43]. The majority of the RTILs, includitige ones investigated in
this work, are known to be hygroscopic [17]. The wide eledtemical windows qual-
ify RTILs for applications in electrochemical processeshiéy are chemically stable.
[hmim*][Tf,N ] and [bmpy ]J[Tf,N ] exhibit a higher electrochemical stability com-
pared to [bmim ][PF, ] and [bminT ][BF, ]. Mainly [PF; ], but also [BF; ], decompose
by hydrolysis in contact with moisture especially at higmperatures, forming haz-
ardous volatiles like HF and PQI44]. This is a serious drawback for the application
of these RTILs in industrial processes.

Phase Melting
s 8T Transition
7__
E Heating
[oX
D 6
S 5+
] 4l Cooling
g -
r 3T Crystallizati
% 1 Phase rystallization
L Transition
1_-
>
-180 -140 -100 -60 -20 20

Temperature (°C)

Figure 1.5: Differential scanning calorimetry plot of [bmii][PF,] reproduced from
Choudhury et al. [42].



Chapter 2

X-ray scattering and analysis methods

The rst section of this chapter serves as a reminder of soonengon issues and equa-
tions of the x-ray re ectivity theory. An extensive reviednoray re ectivity techniques
can be found in [45], [46], and [47]. Subsequently, analys&thods for reconstructing
the electron density pro le from measured re ectivity datee discussed, followed by
an introduction of the models for the electron density peadsed in this work. The last
section elaborates on a basic description of the struatora¢lations of liquids and how
they are experimentally accessible. Further details atheuliquid state of matter can
be found in Ref. [48], [49], and [50].

2.1 X-ray re ectivity

X-ray re ectivity is an experimentell technique for gaiginnformation about the ver-
tical structure of an interface. A varying refractive indexlong the interface normal
leads to a partial re ection of the incident beam and thustgerference pattern which
contains information about the electron density distrdout

2.1.1 Scattering geometry

Figure 2.1 shows a sketch of the scattering geometry. The differentedam scat-
tered and incident wave vector determines the momentursfeeq = ki  kj. The
components of the momentum transfer (for the orientatiah@icoordinate system see
Fig. 2.1) are given by

0 1 0
k (cos ¢ cos cos i)
qg= @q A = @kcos ;sin A (2.1)
(08 k(sin ;+sin ¢)

with k = 2 = as the modulus of the wave vector, an@s the horizontal component
of the total angle ; + ¢ betweenk; andk;. In re ectivity measurements (= 0,
= ;= ;)the components of the momentum transfer are

(G; ;) =(0;0;2ksin ) (2.2)

18
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Cioe
-
Ciae
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s

Figure 2.1: Sketch of the geometry for a surface or inter&mesitive scattering exper-
iment.

For small anglesin , and Eq. 2.2) can be simpli ed to(d; ¢; &) = (0;0; 2k ).

All re ectivity measurements presented here were recormdéis regime (< 30 mrad).

2.1.2 Resolution

The momentum transfer resolution for the out-of-planetscalg geometry ( = 0) can
be obtained by calculating the total differential of E2.1j.

@q @q @q
= — o+ — = 2.3
ai @ @i i @f f ( )
with | = x;y; z. In the re ectivity geometry the experimental resoluti@ygiven by
dx =& ( i+ 1) (2.4)
;= —G+k( i+ 1) (2.5)

For re ectivity scans, the detector slits have to be adjdistech, that all re ected inten-
sity is detected within the resolution range.

2.1.3 Refractive index

The refractive index of a medium for incident x-rays with a wave vector 2 = is
given by
n=1 + i (2.6)
2 f(l) E 2
= otee ) (2.7)
2 f @ (E
=5 Tee Z()=4—; (2.8)

where represents the dispersionthe absorption, antl® (E) andf @ (E) the energy-
dependent form factors for forward scattering (see Rel)[3he approximation for the
dispersion is valid far away from absorption edges.
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2.1.4 Re ection at one ideal interface

The intensity of a re ected wave from an ideal interface,dbecalled Fresnel re ectivity
RZ, is given by the square of the re ection coef cient of the Enel formula. Since
the polarization is negligible at small scattering angths,re ection coef cient for all
polarizations is given by
RF — ki;z kt;z;

ki;z + kt;z
wherek;., = ksin ; andk., = n,=n;ksin . For ; > 3 . agood approximation for
the Fresnel re ectivity reads

(2.9)

4 1
RZ % (4ree)2@
p_— p

2
with . 2 = Te . denoting the critical angle of total re ection, and =
2:8179 10 ®m as the classical electron radius. This relationship dessrthe rapid
decline of the intensity for incident angles . For cthe re ected intensity is
almost unity. Exemplarily, the calculated critical anglethe sapphire/vacuum interface
is o 0032 for =0:171A.

(2.10)

K,

Figure 2.2: Re ection and refraction of a plane electronggnwave: An incident
plane wave with wave vectdq hits the interface at an incident anglg It splits into a

re ected wave (; = ) with wave vectok; and a transmitted wave with wave vector
ky at an angle ;.

2.1.5 Buried interfaces

Interfaces buried under a macroscopic amount of mateeakgyarded as deeply-buried.
They are dif cult to access at conventional x-ray energies ( 20 keV) but readily ac-
cessible with high energy x-rays since the attenuation cieet decreases rapidly with
increasing photon energy. A transmission-re ection scagdeveloped in our group in
2003 [9], was used for the investigations reported in thiskwd-igure 2.3 compares
it to a conventional re ection scheme. Several advantage®hvious: The re ection
pattern obtained in transmission geometry contains orflyrmmation from the buried
interface, whereas the conventional geometry may lead tnglex pattern contain-
ing information from the buried interface together withanmhation from at least the
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interface between the top layer and air. Also the thicknésiseotop layer forming the
interface is no longer limited to a few microns. Details abe analysis of re ectivity
data from buried interfaces can be found in Ref. [51].

a) b)
conventional scheme transmission-reflection scheme

cm

A

buried
interface

N

Figure 2.3: a) Conventional setup of an interface scatjerxperiment. b)
Transmission-re ection scheme. In the conventional getoyrtbe re ected waves from
all interfaces are contributing to the re ection pattern.

2.1.6 Multiple interfaces

In many cases one has to deal with strati ed media, i.e. maykirs. The re ection and
transmission of each interface can be calculated usingrdsnEl formulae. In addition,
the corresponding retardation between the different &algas to be taken into account.
A sketch of a system witN layers plus substraté\(+ 1) is shown in Fig2.4. Each
layer is characterized by a refractive indgxand a thicknesd,. The top layer and the
substrate are considered as semi-in nite. Thenterfaces of the system are located at
the positiong; . R; represents a re ected wave propagating in lgyendT; ., is a wave
transmitted into layey + 1. Furthermore, a transmitted wave from interfacej 1
and are ected wav®; ;1 , created at interfage+ 1, appear at interfage By de nition,
there is no wave propagating within the substrate, and ttident wave impinging on
the top layer isT; =1

In order to solve the problem of a multilayer system consigea recursive method
is used, the so-called Parratt formalism [45,52]. The rawty is calculated from the
squared modulus of the transition coef cient

2
R? = jX4j% = ;—1 2.11)
1

with r; the re ection coef cient and; the transmission coef cient of the interfageo
be obtained by the Fresnel formulaé, is obtained recursively starting with the transi-
tion coef cient at the substraté ., = 0:
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ZN-1

layer N
Zy

bulk N+1
substrate

Figure 2.4: Re ection and refraction of a plane wave at aeysbvf multiple interfaces.

R; Fiiwg + Xigq" 1410
Xi= L= " j*1 4] 2.12
J Tj )i 1+ rj;j +1xj+1| i1 ( )
I‘(j'z kj +1;z
Mo = o0 2.13
e K (2.13)
"am =exp  2ie' M Kooz (2.14)

Interfacial roughness has to be taken into account to deserreal system since there
will always be corrugations at least on an atomic lengthesaahny interface. Using an
error function interfacial pro le instead of a sharp stepdtion pro le leads to a re ec-
tion coef cient modi ed by an exponential damping factorh@ Nevot-Croce approach
describes the roughness of an interface with no in-planelations. An interface with
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a correlated roughness can be described with the Beckmpizri&hino approach. In
this work, the Nevot-Croce description was applied:

o = g e Mo (2.15)

j Hh; (% Y)14 gpatian (2.16)

with ; the RMS roughness parameter dndx; y) the height distribution function.

The modi ed re ection coef cientsr?, ,; can be used within the Parratt formalism to
calculate the corresponding re ectivity under the comatitthat ; dyand ; d; 1
for all layersj, i.e that the interfaces are well separated.

N/

I
|
|
!
I
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|
|
1
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0.0 0.2 0.4 0.6 0.8

9z (1&_1)

Figure 2.5: Re ection curves calculated within the Parfattmalism from a sapphire
substrate with roughnesg = 0 A (red curve) and from a sapphire substrate with a thin
Im with thicknessd = 80 A and a refactive index smaller than the one of the substrate
on top of it (blue curve, shifted by 2 orders of magnitude flarity). The oscillation
period in the re ectivity is related to the Im thickness byq =2 =d = 0:0785A 1.
Sketches of the corresponding slab models are also shown.
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2.1.7 Arbitrary pro les

Some density pro les may not ful Il the condition; d;. Therefore, they cannot be
treated as a multilayer systems consistindNofndependent layers. In such cases the
pro le can be sliced into thin layers of thickneSsvith sharp interfaces, each of them
with constant refractive index. Considering that the natural length scale of an atomic
pro le is given by at least the Bohr radius, the slice thickegas chosen to= 0:2A in
this work. These thin layers can now be treated with the Rdoamalism (see above).
Another approach to treat arbitrary density pro les is tise of the Master formula,
which is derived within a kinematical approximation (see.&e1.8.

2.1.8 Kinematical approximation

Analytical expressions for the re ectivity can be obtainkey approximating the full

dynamical theory. The advantages of an analytical expessie the straight-forward
interpretation of the relation between the density pro telahe re ectivity and the re-

duced numerical effort. A kinematical approximation foe tie ectivity is the so-called

Master formula:

R?(g) = RZ(0) jF (9)j’ (2.17)

Z,
F(q) = T d—(zz)e‘qzdz: (2.18)

1 +1 1 d

The Master formula neglects multiple re ections at the ifdagees. Since multiple
re ections are dominant in the vicinity of the critical amglthe region near the total
re ection regime is not well-described by the kinematicppeoximation. Well above
the critical angle (; > 3 ), the approximation gives a suf cient description of the
re ectivity. The deviation in the region of the critical alegcan be reduced by taking
refraction corrections into account by using a modi ed waeetorq,:

q
q =2ksin 2 Z (2.19)

2.2 X-ray re ectivity analysis

The real space electron density pro le is related to theseaectivity from which it
can be calculated by solving the Maxwell equations. By meaguhe re ection of x-
rays one records the intenslty E2withE / €¥* the respective electric eld, thus the
phase information is missing. Therefore, the correspaneiectron density distribution
cannot be reconstructed unambiguously from the re egtivib overcome this problem,
models of the density pro le are constructed in which adush#il knowledge about the
invesitgated system, such as bulk density, atomic compasior generic interfacial
structure, has to be included. The missing information candnsidered in the model
as free parameters. The re ectivity of the model, obtaingdhe methods discussed
in Sec.2.], is then tted to the experimental data in order to deterntimefree model
parameters.
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The number of free parameters to be determined by paraneteament should
be limited to about the number of independent features ougun the experimental
re ection pattern to ensure a physically relevant paramsét. More free parameters
may lead to better tting results at the expense of directgital relevance. In this work,
electron density pro les of RTILs, which tend to form laydrstructures at the interface
to the substrate, were investigated. Typical electronitdepso les and re ectivities for
layered structures are shown in F26. Independent features justifying a free parameter
are for example oscillation period, oscillatory strengtld aecay, position and width of
minima and/or maxima, and the overall decay of the re etyiwith respect to the
Fresnel re ectivity.

(a)

EXPERIMENT INTERPRETATION 3t o g scan
+ 26 scan
—exponential sine model

AR ———distorted crystal model

0 tiou

0 0.5 1.0 15 20 25 3.0
g, &

107~

log {COUNTS/MONITOR)
Surface Oensity Field

Totat Density Response

— exponential sine model 4
~==-distorted crystal model

Figure 2.6: Examples of re ectivities resembling layerédistures in the corresponding
electron density pro les taken from Als-Nielsen [53] (leind from Regan et al. [54]
(right). The left side shows the x-ray re ectivity data frothe surface of the liquid
crystal8CB in the nematic phase and the reconstructed electron dgmsitie. The
right side shows the normalized x-ray re ectivity data frenfiquid gallium surface and
the reconstructed electron density pro le.

Cost function

The parameter re nement is done by minizing the deviatiotwieen the corrected ex-
perimental data (see Se&4.]) and the data calculated from the model as a function of
the free parameters. Therefore the best t of the model isexeld by minimizing the
cost function within a numeric algorithm.
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A high quality re ectivity curve typically covers a dynamrange of nine orders of
magnitude or even more. An adequate scaling of the data silowonsider the low
intensity parts (usually for higly-values) with the same weight as the high intensity
regime. This is important since information about real sp@atures on small length
scales appear in the highregime. The dynamic range can be adjusted by dividing the
measured re ectivity by the Fresnel re ectivity. The coatttion reads then as

2 _ min M 1)(/I ( I i;exp Ii;cal)2 (2 20)
. RE(a) '

with l;.exp the experimental data points., the calculated intensity points, and a con-
stant scaling factor to normalize the primary intensity to unity.

Another approach to reduce the dynamic range of the measeiextion intensity
employs logarithmic scaling of the data. The cost functieadmes then

had
2=minM '  (In + ;)2 (2.21)
i=1
=min (In )*+2Ih hi+ 2 (2.22)
= 2 p j2 (2.23)
with ; =1In 'I‘_{e—x'l’,andln = h i asanecessary condition fof to reach a minimum.

This has thel'cadvantage that the scaling factas not a free tting parameter but can
be obtained directly at each re nement step. To avoid nucakrrrors, the data is
scaled iteratively with the of the preceding step which results in a small valuehfof
compared td ?i in the nal stage of the re nement.

Numerical algorithm

The global minimum of the cost function in a multi-dimensabparameter space spanned
by the free model parameters has to be obtained by a numatgaithm. Determin-
istic algorithms are not capable of solving such a probletisfsatory since they can
easily be trapped in a local minimum close to given startiagameter values. The use
of stochastic Monte Carlo tting routines is much bettertedifor reaching the global
minimum in such a complex parameter space. They reach eeanyip the parameter
space arbitrarily close. Since only a nite time can be usadlie tting process there

is still a non-zero probability to get stuck in a local minimuin this work the Adaptive
Simulated Annealing algorithm developed by Ingber [10,5&8% used.

2.2.1 Semi-quantitative generic layering model

In the following, a semi-quantitative (SQ) approach to &leyl electron density pro le
at the solid-liquid interface is discussed. A generic mddeln exponentially damped
oscillatory pro le is used to describe the density pro le anphenomenological level



2.2. X-RAY REFLECTIVITY ANALYSIS 27

without considering the atomistic nature of the system. Gteesponding x-ray re-
ectivity can be calculated analytically in the kinematip@oximation. This approach
leads to information about the sensitivity of the measurds® certain features in the
electron density pro le. Therefore, a direct interpretatof particular features of the re-
ectivity pattern is possible. A more detailed atomic degtion employing the modi ed
distorted crystal model is discussed in S22.2

The pro le of the SQ model

The SQ model contains only a basic set of arguments to pdheayindamental features
of the solid-liquid interface. Five free parameters aralisalescribe the pro le and thus
the structure factors of the system, provided that the theasthe bulk liquid and solid
are known. The physical interpretation of these parameiershe decay length, the
layer spacingd, and the amplitude of the electron density oscillatidnshe interfacial
substrate roughness and the offset distanad.

The pro le can be split in two underlying parts, one from tlotié wall ,(z) and
one from the liquid (2):

(2) = |l’{g? + I|(_z z&? : (2.24)

wall liquid

The hard wall with electron densitys is represented by an error-function interfacial
pro le smeared out by the surface roughness

W@= 2 1 erf p% : (2.25)

The liquid at the interface is modeled by an oscillatory peadecaying exponentially to
the bulk liquid density ;. with a decay length as

()= o (2) 1+Ae % sin ZTIZ : (2.26)

( 2) is the Heaviside step functioA, an amplitude and, the layer spacing. The phase
of the sinusoidal layering pro le with respect to the wallgsen by the offset distance
do (see Eq. 2.24). Figure2.7 shows an electron density pro le created with the SQ
model. The model parameters are indicated.

The re ectivity of the SQ model

An analytic expression for the re ectivitiR?(q) of a density pro le described by Egs.
(2.29) - (2.26 can be obtained using the Master formula E2j17), which is a good
approximation for scattering angles = ¢ > 3 .. The structure factor for the above
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Figure 2.7: Electron density pro le created with the SQ mlod€he parameters are
indicated.

model derived via the Master formula is given by

F(@=(@1+ 9e @ Gia 14¢d APTF (2.27)
2
| —{z—} | {z }
wall liquid
q2 OS 2
= - ° 2.2

(g) = arctan 24 (2.28)

L (= (@ o'+ *° (2.29)

where = —L_ denotes the relative electron density, = %,—l and = dil The

individual terms of Eq.Z.27) can be assigned to their corresponding features in the real
space electron density pro le due to the linearity of the f@utransformation. The
Gaussian is associated with the substrate surface compotieduced in Eq.Z.25.
Increasing surface roughnesdeads to a faster decay of the re ected intensity. The
second term accounts for interfacial layering of the RTlheExponentially damped si-
nusoidal pro le leads to a Lorentzian contribution to theusture factor. This Lorentzian
layering peak is modulated by a complex phase factor detexiby the offset distance
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do and (q) given in Eqg. £.28. The impact of the offset distandg on the shape of
the re ection pattern can be visualized by calculating teesctivity for different ra-
tios between offset distance and layer spacing. Figu8shows the modi cation of the
Lorentzian layering peak into a Lorentzian shaped dip asetion of the offset distance
normalized by the layer spacing.

= 0.0319 i

d
do

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6
A—1
gz (A7)

Figure 2.8: Normalized re ectivities with different rasaly=d calculated via the semi-
guantitative layering model.

2.2.2 Distorted crystal model

The distorted crystal model was used successfully in mamjiet to describe surface-
induced layering in single-component liquid metals [S6}]; [57]. A modi cation of
this model, taking into account the binary composition ofllRT is described in the
following.

The modi ed distorted crystal (DC) model describes a lagledensity pro le along
the interface normal via equally spaced layers with Gansdensity distributions. It
takes into account the molecular nature of the liquid atrikerface. The layering decays
with increasing distance from the solid-liquid interfacgharge neutrality is preserved
by an alternate layering of the cations and anions. The mooleterves the locally
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averaged mass and electron density. Starting with a cadiger hext to the substrate
the electron density pro le is parameterized by

JH
2 1 do+(n+ 3)d) z
1 Do 2q 2
e’ f

1 c 1 dgtnd; z
(2)=(2 ) e T 4
n

3m|m

(2.30)
z
+ cerf p—
2 s

with dy as the distance between the surface of the substrate anelrtez of the rstion
layer. The decay of the layering is described by the Gaussidihh 2 which increases
with distance from the interface as

q —
= (024N} (2.31)

withn =0:::1 as the layer index. The broadening, and thus the decay, tsotied
by . § denotes the Gaussian width of the rst anion layer afdhe one for the rst
cation layer. The widths of the rst cation and anion layerarporate also the interfacial
roughness. The area density of the ions is giveny= diZ¢ca mNa=Mc.q With N
the Avogadro constanZ the number of electrons of the respective ibh,its molar
mass, n, the molar density, and, the periodicity of the layering. The substrate-liquid
junction is described by an interfacial error-function pravith an interfacial roughness
s and the substrate electron density
The increase of the Gaussian width as described by Zg1)(is also referred to as
the full step model incrementing the Gaussian widths evwdiglbuble layer (comprised
of a cation and an anion layer) although both ionic layerfiwia double layer do not
have the same distance from the interface. To account fodtfierence, the broadening
of the ionic layers could be calculated in intermediate step. & = P [( §2+n 2,
a= P [( 3)2+(n+ %) 2l,n=0:::1 . In the following this will be referred to as the
half step model. Both models were applied for the analysik@flata in this work.
With known bulk densities  and ,) only six parameters are necessary to describe
the interfacial density distribution by the DC model. Theyrespond to the following
real space features (see R2): d, the periodicity of the layering], the offset distance
of the rst layer with respect to the wall,;* the widths of the rst ionic double layer,
s the substrate roughness, angdncorporating the damped oscillatory decay length
The re ectivity for the above described density pro le cooged by the DC model
is computed with a parameter re nement method using theaRdarmalism (slice size
0:2A; see Sec2.1.7) and the Adaptive Simulated Annealing algorithm. Paraciéa-
tures in the re ectivity pattern cannot be assigned to realce quantities in a straight-
forward manner as within the semi-quantitative model.
One might also introduce an additional asymmetry factgifor the positioning of
different ion layers with respect to each other at the cosingf additional free tting

LExemplarily the model is discussed in the con guration wilile cation layer next to the substrate in
the following, since the model in this con guration led teethest t with the experimental data.
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Figure 2.9: Electron density pro le represented by the DGdelo The parameters are
taken from Sec4.4.5Tab.4.8

parameter. This is motivated by the possibility that a caiad an anion might as-
semble into dipolar molecular units. This implies that aroarlayer might be closer
to one of the neighboring cation layers in the directionicattto the interface. The
parametrization of the electron density pro le is then gi®y (compare Eq.2.30)

" #

R 1 dotnd; z 2 1 doH(n+3)d s 2 2
—_ 1 (o4 5 — ¢ — a 2 —ﬁai
(2)=(2 ) et h o+ -le
=0 " " (2.32)
z
+ serf p—
2 s

2.3 Bulk liquid scattering

The liquid state of matter is comprised of highly disorderedlecules compared to
the solid phase. Thus, only short-range order is found inidis} This short-range
structure can be described within the concept of the raasadilbution functiong(r). It
is a measure of the number of molecules surrounding an arbjtchosen molecule at
any distance and can be obtained experimentally by analyzing the intgdgstribution
of x-rays or neutrons scattered by the liquid.

X-ray scattering experiments probe the differential sraty cross-sectio% re-
ecting the electron density distribution in a sample. Emphg the rst Born approxi-
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mation yields .
d Xe

@ 4= roexp(iq r) (2.33)
k=1

2+

with ry as the Thomson scattering lenghh, the number of electrons in the sampig,
their positions, and the momentum transfer for the scattering process. Equé2i@t)

can be separated into contributions from individual molesself-scattering) and in-
termolecular correlation§(qg). Assuming that the scattering arises from independent
neutral atoms with spherical electron density distribgi¢Debye approximation), the
scattered intensity from a liquid is given by

X ; . X
(g xixjfi(q)fj(ws';‘gr” +

ij

XiX; fi(af; (a)S; (o) (2.34)

i

with x; the atomic fraction of atom typef;(q) theg-dependent atomic scattering factor

for atom typei, andr; the intramolecular distance between atom centers. The inte

molecular correlations are speci ed by the relation

Z1 singr

Sj(q)=1+4 radrg; (r) 1] ar
0

with  the atomic number density, aggl(r) the partial radial distribution function be-
tween atom typesand; .

In order to apply the above equations and to obtain disiohdtinctions comparable
with other experiments, some corrections have to be appi¢ide measured intensity.
The background arising from the sample chamber, air seagtesr backscattering from
parts in the experimental hutch needs to be subtractede@mmns for the used detector
type and geometry (especially for 2D at eld detectors) lbaso to be considered (for
details see Se@.5). The absorption of the intensity depends on the path leofjthe
x-rays in the sample. The pathlengtfx; )=d x(1 0032 ) depends on the sample
thicknessd, the scattering angl2 and on the position of the scattering even{see
Fig. 2.10. Therefore, the correction factor for the absorption itaoted by integration
over all possible path lengths for each scattering anglg ja8ding

(2.35)

Rexpl (x; )]d
exp X; X
A()= -2 Ry
0dx
exp( d) 1
d 1t 1 1 exp d cos 2

(2.36)

(2.37)

cos 2

with  as the linear attenuation coef cient. The polarization lué incident beam re-
quires also a correction. For unpolarized radiation, theeobion is given byP =
2(1+cos? ). Inthe case of polarized radiation from an acceleratoethasray source,
the latter is replaced by

P=P[1 (sin sin )]+ Pyl (cos sin )?] (2.38)
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Figure 2.10: The absorption depends on the path length ghrole liquid sample,
whereas the path length depends on the scattering anglé@rdbsition of the scat-
tering event.

with the fractional polarizations of the beam in the pldheand out of the plan®,
of the circulating electrons. Multiple scattering eventsitain no information on the
intermolecular correlations and must be removed from thaswmesd intensities. The
probability of multiple scattering events increases weimgle thickness. The ratio of
multiple scattering to primary scattering is ab@@tfor samples with a product of linear
attenuation coef cient and sample thickness  0:1 [59, 60]. Incoherent scattered
intensity due to the Compton effect contains also no infdimnaon the correlations
present in the liquid. The Compton scattering occurs asdapendent signal. The
standard Compton formula is given by

f= it

h
moc (1 cos) (2.39)

with mlec = 2:4263 10 > m as the Compton wavelength of an electron (obtained from
NIST [61]). The energy loss due to the Compton effect can Ipeagmated for small
scattering angles by
dE ~2
E o= 2
d 4meq
with me = 9:1093826 10 3'kg the electron mass; = 1:054571628 10 **Js the
Planck constant ovéd , andqthe modulus of the momentum transfer.
The speci ¢ correction factors used for the experiments$guared in this work are
discussed in Se@.5

(2.40)



Chapter 3

Experimental details

In this chapter, the beamline for the x-ray scattering expents, the sample chamber,
the sample preparation process, some details about thetiretg measurements, and
the bulk liquid scattering experiments are described.

3.1 The beamline ID15A at ESRF

The x-ray re ectivity experiments presented in this workrevall carried out at the
high energy beamline ID15A at the European Synchrotrondixt Facility (ESRF) in
Grenoble, France. The beamline is optimized for the pradoaif high energy x-rays
in the range betweef0 keVand300 keV. A schematic layout of the beamline is shown
in Fig. 3.1 The main components of the beamline setup are the soureeypiics
and focusing device, the diffractometer and the detectbes& components are brie y
discussed in the following.

| ID15C | ID15A
x

%/5}
hutch

i g

0 26 38 42 58 X (m)

Figure 3.1: Schematic layout of the high energy beamlind$SA) ID15B, and ID15C
(see Ref. [51]).

34
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3.1.1 Source

The x-ray source of ID15A is a 7 period asymmetric wigglerhvat critical energy of
44:1 keV, a minimal gap size d20:6 mm, and a magnetic eld 01:84 T. Permanent |-
ters 0:7 mmC, 4.0 mm Be, 4:1 mm Al), which are installed directly after the front end,
reduce the heat load on the crystal optics. The lters sespiphotons with an energy
less thart0 keV. The maximum brightness &3 10 photons mrad 2 0:1 % bw * per
100 mAring current is reached at an energys@®keV. At 70 keV used in these experi-
ments, the brightness decreases to approximatglyL0 photons mrad 2 0:1 % bw *
per100 mA

3.1.2 Optics and focusing device

The monochromator consists of two asymmetrically cut anat 5(111) crystals in
xed exit geometry. The energy resolution ofE=E = 2:3 10 2 is determined by the
asymmetric cut o837:76 with respect to the (111)-orientation. The horizontal dive
gence of the beam is reduced by bending the crystals.

Focusing of the beam at the sample position is achieved byrgaond refractive
lens (CRL) consisting of 150-200 single aluminum concansés [62]. The size of the
beam at the sample position can be determined by knife edges schere a sharp edge
of a knife blade is scanned across the beam. For a Gaussiangrede such scans
yield an error function intensity curve, from which the beaize in the scan direction
can be obtained. Figu®2shows a vertical and a horizontal beam pro le obtained with
knife edge scans. By tting the measured pro les the beane sias obtained. The
vertical beam size in the experiments was betw&em and8 m. The horizontal beam
size was approximateB6 m.

3.1.3 The HEMD setup

The High Energy Micro Diffraction (HEMD) setup developeddar group is a perma-
nent installation in the ID15A experimental hutch [9]. lkoals structural investigations
of deeply-buried interfaces as well as of free surfaces. udeeof high energy x-rays
leads to very small scattering angles. Therefore, a higbigion diffractometer is es-
sential. The six circle HEMD diffractometer achieves a hagtgular accuracy for the
incident & 20 rad) and exit diffractometer angle<( 10 rad). Also the sample po-
sition can be controlled very precisely in the vertical ¢ m) and horizontal T m)
direction.

3.1.4 Detectors

For detecting x-rays three Eurisys Si PIN diodes were uségkitnigh intensity regime
and for monitoring the incident beam. For single photon timgra scintillation counter
served as a detector.

The PIN Diodes absorb approximately 10 % of the incident beasmnsity at an
energy of70keV. The high internal gain of Silicon leads to an approximatdghtimes
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Figure 3.2: Vertical (top) and horizontal (bottom) x-rayabe pro le measured with
knife edge scans. The vertical dashed lines indicate the MV@Hthe beam pro les
according to a t (blue lines) assuming a Gaussian beam pro |
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Figure 3.3: X-ray optical elements and beamline setup fgih bhergy re ectivity exper-
iments at ID15A, ESRF. (DM) double crystal monochromatot&ue geometry; (HS)
wall of the experimental hutch ID15A; (CRL) compound refree lens; (D1) primary
beam monitor diode; (Ab) absorber wedge with absorptioh gat 0 :::60cm (D2)
second monitor diode; (S1) rst slit set; (FS) fast shut82) second slit set; (SW)
shielding wall; (Sa) sample position; (CS) collimatorslifT) ight tube; (DS) detector
slits; (D3) detector diode; (SC) scintillation counter @yStar, Oxford-Danfysik).

larger electronic signal compared to ionization chambeang photon with an energy of
70 keVabsorbed in the diode will create almost 20000 electroe-palrs). The absolute
ux Npn can be calculated from the measured diode culieit by

oh = 'P;NEEg(l e ) n (3.1)
Ey = 3:6 eV denotes the average energy for the excitation of an eletintmpair by
photoabsorptiont, the diode thickness, and,, the energy absorption coef cient. The
effective dynamic range of the detector diode is approxatyave orders of magnitude
[51].

For the scintillation counter amm thick Nal crystal was used. The conversion ef-
ciency for photons with an energy of0 keVis more thar®9 % In order to increase
the dynamic range of the scintillation counter, the measaoaint rates have been cor-
rected for deadtime, and a PMMA (Polymethyl methacrylabsoaber was used. The
deadtime correction factor for count rates well below thersdion level of the detector
can be approximated by

N -
1 N)
with = 0:68 sthe deadtime constant [51]. The count rates in the expetsneere
limited to 150000 cp$o ensure a deadtime correction always less ta%h

Necorr = (3.2)

3.1.5 Absorber

The dynamic range of the scintillation counter was limited 50000 cpsHowever, the
dynamic range of the re ectivity measurements performettisiwork spans 9 orders of
magnitude. Using a Polymethyl methacrylate (PMMA) absothe accessible dynamic
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range of the scintillation counter can be increased by a#ting the beam at high inten-
sities. The use of PMMA as absorber material avoids the proldf beam hardening
for absorption factors down tb0 ° (see Ref. [51]).

3.2 Sample chamber

The sample chamber used for the experiments in this work esigided for re ectivity
measurements at solid-liquid interfaces. The chamber eagvbcuated to a pressure
of approximatelylO0 ® mbar. The accessible temperature range i20 C to +250 C.
All materials of the chamber in direct contact with the saemgatvironment are inert and
easy to clean in order to prevent contamination of the sampheimpurities.

The main parts of the chamber are a copper socket with a géissnctop of it. The
two parts are connected via a KF ange. Conical shaped winlolers are fused into
the glass cell, one at the front and one at the back. As windatemnal Mylar was used.
The glass cell contains additional KF anges which can beluse connecting e.g. a
vacuum pump, a ventilation valve, and a tube to purge thengtilinert gas.

The copper part contains the heating device, the coolingnemeésm and a Pt100 tem-
perature sensor. On top of the copper socket a stainledsataple holder is mounted
(see Fig3.6bottom). The sample holder can easily be exchanged andedeateating
is achieved by four cartridges which are placed symmetyigaside the copper part.
Each cartridge has a heating power28f0 W. The whole setup can be heated with
a maximum power o800 W. Cooling is achieved by owing a cooling liquid or gas
through the copper part. In the experiments described smibrk nitrogen gas, which
was cooled by heat exchange in ligiNd, was used.

All PTFE gaskets, glass and stainless steel parts of thelofrawere cleaned before
every application by immersing them in an alkaline detergean ultrasonic bath. Af-
terwards they were rinsed with pure water and dried in an ovére copper part was
immersed in a solution of acetic acid and hydrogen peroxad8® min. Subsequently
the copper part was thouroughly rinsed with pure water aretidn an oven.

Temperature control and accuracy

The temperature of the sample was controlled via a Pt106trestemperature sensor.
The sensor was located in the copper part adauh below the sample in vertical di-
rection and therefore outside of the chamber atmosphem@dbr to estimate the actual
sample temperaturés, a second Pt100 resistive sensor was placed rst insideef th
stainless steel sample holder and second on top of the samigier.

The temperature offset between the control sensor (inbeledpper part) and the
one inside the sample holder depends also on the residisgyveeinside the chamber.
Figure3.5a shows the offset for ambient pressure which is almost aah&ir the entire
temperature range, and for a pressure of atOut mbar. Figure3.50 shows the offsets
between the control sensor and the sensor inside the sawiplerhand the sensor on
top of the sample holder. The latter data was used to obtaamalytical expression for
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Figure 3.4: Sketch of the sample chamber used in the x-ragctivity experiments of
this work taken from Ref. [63]. The different parts are iradex.

the temperature offset by tting a linear function:
T(T,)=0:0916 T, 1:4783 (3.3)

with T, the control temperature in degrees Celsius. The samplea@typeTs is ob-
tained by subtracting the offset from the control temperaiy = T, T.

Errors of the offset measurements are caused by the seasounacy (manufacturer
speci cation: 0:1K) and uctuations in the cooling power, i.e. the nitrogen owhe
impact of the latter was estimated to be aboGt3 K.

All sensor measurements were performed using the Kelvimi(d} method to avoid
systematic errors caused by wire resistance. For tempenateasurement and control
a Lakeshore model 331 was used. A power supply, deliveriagtinrent for the heat-
ing cartridges, served as ampli er of the controller signéhe use of the PID control
algorithm with manually adjusted values resulted in a hgghperature stability of the
sample environment (5 mK). The temperature was logged during all the experiments
via a serial connection between the temperature contiaiéa personal computer. The
acquisition of the temperature history was programmederdttvelopment environment
Labview.
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Figure 3.5: (a) Offset between the control temperature heddemperature inside the
sample holder at ambient pressure (circles) and a pressife bmbar (squares) inside
the chamber. (b) Offsets between the control temperatwt¢ratemperature inside the
sample holder (squares) and the actual sample temperattgieg), respectively, both

at a pressure df0 °> mbar inside the chamber.

3.3 Sample preparation

The following sections elaborate on the preparation andléening procedures of the
RTILs and the sapphire substrates.

The room temperature ionic liquids were all obtained from Merck in high purity
grade (water contert 100 ppm chloride contenk 100 ppm). In order to remove
volatile residues, the RTILs were dried &4 hat80 C at a pressure df mbar.

Sapphire substrates were used as model system for a hard wall. Sapphire has the
advantage of being chemically inert and being commercegilable with a surface
roughness ok 0:3nm. The small roughness allows to access a largange in the
X-ray re ectivity experiments.
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Figure 3.6: Pictures of the sample chamber mounted on the Biliffractometer (top)
and of the copper socket with the stainless steel sampleshofdne silicon and two
sapphire substrates are placed on top (bottom).
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The sapphire wafers (thickne$80 m, (0001) orientation), purchased from Saint-Gobain
Crystals, were cut in pieces with a sizeldfmm 6 mm.

The sapphire substrates were cleaned with a sequenceastdifisolvents to remove
residues of RTILs from previous experiments and contananatfrom the ambient en-
vironment. First, the samples were immersed in acetoaittoit 15 minin an ultrasonic
bath mainly to remove residues of RTILs (all RTILs used irstivork are soluble in
acetonitrile). Then the samples were placed in isoproga@asktone and chloroform for
15 min each in an ultrasonic bath. Afterwards the samples weresdtohfreshly pre-
pared piranha solutiorH, SO, 98 %andH,0, 36 %in 3: 1ratio) for 1 min. Its strong
oxidizing tendency leads to removal of traces of organic¢@mmants and to hydroxyla-
tion of the samples. After the piranha etch the samples vi@reughly rinsed with pure
water and subsequently blown dry in a jet of pure Argon gasalbj, the sapphire sam-
ples were treated with UV light irradiation (= 172 nm, BlueLight Excimer Compact
Source 20 W electric, irradianc&0 mWcem 2; Heraeus Noblelight, Hanau) in an oxy-
gen atmosphere f@0 min. The UV light/ozone treatment removes covalently bonded
hydrocarbons from the sapphire surface and oxidizes th&®tcandH,O. This mech-
anism leads to a more hydrophilic surface, resulting in detepvetting with water as
opposed to non-wetting before the cleaning. The UV lighireztreatment was applied
just before the experiment because of the decrease of hyitloify in time as shown by
Luo and Wong [64]. In the following, a brief summary of theaméng procedure for the
sapphire substrates is given:

1. Immersion in solvents fot5 min each in an ultrasonic bath: acetonitrile, iso-
propanole, acetone, chloroform.

2. Etching in piranha solution fdk min.

3. Thorough rinsing with pure water.

4. Drying in a jet of pure Ar gas.

5. UV light treatment in an oxygen atmosphere 36rmin.

In order to determine the spatially averaged surface roesgh(FWHM) of the sap-
phire substrates, the x-ray re ectivities of the corresfiog substrates in vacuum were
measured. The same setup as for the other re ectivity ewpaaris in this work was used,
and the measurements were performed at the beamline IDISRFH-or a dry substrate
in vacuum the Master formula (see S&cl) yields R?(q,) =R2(q,) = exp(  2¢P).
Therefore, the roughness of the substrate can be obtaiogdtfre slope of the plot
In(R?(q,) =R2(q,)) vs. ¢ (see Fig.3.7). Due to alignment problems in the logy-
regime, and since the Master formula is only a good approximabove the critical
angle, only the higlgrange has been used for determining the substrate roughfoss
both substrates a spatially averaged roughness of1:9 A was retrieved.

In a typical experiment, a cleaned sapphire substrate wastad in the chamber
which has been heated up1@0 C. Then the chamber was closed and a vacuum was
applied for a few minutes to remove the moisture which mayehsen adsorbed to the
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Figure 3.7: Normalized re ectivity from two different sappe substrates in vacuum.
Since roughness attenuates the measured intensity acgoodixp(  2¢f), the rough-
ness for both substrates yields= 1:9A.

substrate. Subsequently the chamber was opened 40d ladroplet of the RTIL of
interest was placed on top of the substrate with a pipetterAfosing the chamber and
applying a vacuum, the temperature was adjusted.

3.4 Re ectivity measurements

The re ectivity curves were measured up to a maximum verticamentum transfer of
Onax = 1:5A 1. Since the re ected intensity decreases almost 10 ordersghitude in
this momentum transfer range, it was necessary to measaivehible re ectivity curve
in several scans covering smallgranges with different absorber settings. Overlap
between neighboring scans allowed identi cation of migainent and enabled better
adjustment of the different scans to a continuous curve. ddia in theg-region of
interest was measured by two scans which have been shifé@asagach other by half
the step size. In order to reduce the beam-induced damade dRTILs by the x-
ray radiation a fast shutter was used. The shutter was ceadysuch that it opened
0:2 sbefore every counting command. The horizontal translatidhe sample of about
1:0 (mm=A 1) during every measurement minimized the radiation damage fenther.
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Table 3.1: Summary of the experimental parameters for tleetieity experiments.

parameter value
x-ray wavelength 0:171A
wavelength spread = 23 10°3
primary beam intensity 5 10°photonss?
vertical detector slit opening 350 m
horizontal detector slit opening 350 m
vertical beam sizé, 6 M-8 m
horizontal beam sizh, 26 m
distance sample-detector 1196 mm
maximum vertical momentum transfgf., 1:5A 1!
sample lengtld 6 mm

3.4.1 Data correction
Footprint correction

At very grazing incident angles;, the interface (lengt along the incident beam di-
rection) is almost parallel to the beam so that a fractiorhefincoming beam (vertical
width b,) does not illuminate the interface and can therefore noelexted. This has
to be corrected by applying a footprint correction to the tata. For a Gaussian beam
pro le the footprint correction is given by

dsin ;
frop=erf —p——— : 3.4
P 8" (in2)h, (34)

For more elaborate explanations and derivations see refesd45, 65].

Normalization

The intensity of the incident beam was monitored with a Pidddi The intensity varies
in time, mainly because of the decreasing storage ring sulretween injections and
temperature changes of the monochromators. To eliminatethuctuations, all mea-
sured intensities have been normalized to the incident betamsity.

Due to the limited dynamic range of the detectors the diffeparts of a re ectivity
curve were measured with different absorber settings. Baction of the re ectivity
curve was corrected for absorption before merging all sestinto a continuous curve.
Furthermore, the data were multiplied by a scaling factocesthe measured re ectivity
is only proportional to the absolute re ectivity.
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Background subtraction

The measured re ectivity consists of the specular re eityiand diffuse scattered back-
ground. The latter can arise by scattering from air, optddaiments and most import
the bulk liquid. It was measured by detuning the incidentl@ng by +0:03 :

with

the width of the specular re ected beam. If the re ectivitychthe background

are measured on coincidirg values the background can be eliminated by pointwise
subtraction of the two scans. However, in most cases thetigigy and the background
were measured with differeng steps. Therefore a regriding routine was applied to the
data to obtain data points for the re ectivity and the backgrd at the samg values

The routine determines the intensity at eggposition by weighting the contribution of
neighboring data points with a Gaussian distribution aetat that, point. For more
details see [29].

3.5 Bulk liquid scattering measurements

The bulk liquid x-ray scattering experiments were perfadmath the same setup used
for the x-ray re ectivity measurements (see S8 at the beamline ID15A, ESRF.
The measurements were performed on a liquid droplet (appedgly 10 1) placed on

a silicon substrate5(mm 5 mm) which was mounted in the sample chamber for the
re ectivity measurements. The x-ray beam was horizontadigitioned in the middle of
the substrate and was penetrating the drdgletm above the substrate-liquid interface.
The horizontal momentum transfer was varied ug 02 A ! for the measurements of
the bulk liquid scattering. The experimental parametegssammarized in Tal3.2

Table 3.2: Summary of the experimental parameters for theliguid scattering exper-

iments.

parameter value
x-ray wavelength 0:171A
wavelength spread = 23 10°3
primary beam intensity 5 10%photons st
vertical detector slit opening 4mm
horizontal detector slit opening 1mm
vertical beam sizé, 6 M-8 m
horizontal beam sizh, 26 m
distance sample-detector 1196 mm
maximum vertical momentum transfgf., 2:0A !
data resolution 0:016A 1
counting time 5spoint !
sample lengthl 6 mm
droplet volume 10 |
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The measured intensity has to be corrected for severalgfighich could otherwise
lead to a misinterpretation of the data (see 2€9). First, the intensity was normalized
to the incident beam intensity monitored by a PIN diode. Thekiground from the
experimental hutch (scattering from shieldings, optidiss)sand of the chamber was
determined by measuring the scattered intensity with thetesample chamber. No
signi cant background was measured.

A geometric correction was applied since the detector Wdlthe horizontal mo-
mentum transfer not by moving on a circle with the sample asateFigure3.8shows a
sketch of the detector geometry. The detector moves peiaéadto the incident beam
along a straight line and performs a rotation such that tadesed beam is always per-
pendicular to the detector slits. This leads to an increteealetector-sample distance
with increasing scattering angle resulting in an intrird@crease of the measured inten-
sity. The detector area (horizontalvertical detector slit opening) records the scattered
intensity which lies in the solid angle spanned by the detesatea and the sample as ori-
gin. Since the sample-detector distance increases, whtrealetector area is constant
with increasing scattering angle, the solid angle decee@s® Fig3.9). The solid angle
of a four-sided right rectangular pyramid with the side fgsga and b, and the distance
h from the center of the rectangle to the origin can be caledlaith the Oosterom and
Strackee algorithm [66] and is given by

ab

=4arcsin p :
(4h2 + a?) (4h? + )

(3.5)

By dividing the solid angle by 4 one obtains the fractional area. The measured
intensity is corrected by rescaling with the factior ().

The polarization of the synchrotron radiation was taken axtcount by Eq.4.39
with = 0, P; = 0:05 andP, = 0:95, leading toP = 0:05 + 0:95co$ . The
contribution of multiple scattering events to the measuntensity was insigni cant,
since the product of the sample length and linear attenuatef cient of the liquid
was always smaller tham 0:17 (see Sec2.3). The calculated energy shift due to
the Compton effect (see EQR.40) in the experiments of this work was less tHakeV.
Therefore, Compton scattered photons could not be separateabsorption correction
Eq. 2.37 was applied to the data with the linear attenuation coefhts taken from
NIST [61]. Figure3.10shows the correction factors applied to the experimental. da
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detector

™ sample

[ )
primary beam

Figure 3.8: Sketch of the detector geometry for measurieghttrizontal momentum
transfer.

Figure 3.9: Sketches of solid angles spanned by rectangrdas or pyramides.
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Figure 3.10: Corrections applied to the bulk liquid scatigintensity. a) The correc-
tion due to the detector movement, b) absorption corre¢tafculated with the linear
absorption coef cient of [ompy][Tf,N ]Jat110 C), and c) the polarization correction.



Chapter 4

Results and discussion

The results and the experimental data obtained in this wearresented in the follow-
ing sections. First the density measurements of the bulk &R&te discussed in detall
and compared to literature values. Then the interfaciaditendata of the RTILs are
presented and analyzed, followed by the results and anrali@bdiscussion of the bulk
liquid x-ray scattering from the four RTILs. Finally, theray re ectivity data from
RTIL-sapphire interfaces are presented together with ti@ings obtained by a thor-
ough evaluation of that data.

4.1 Liquid density (pycnometry)

The bulk liquid density of all ionic liquids investigated this work was measured as a
function of temperature by density pycnometry. The knog&df the density values
of the RTILs is necessary in order to reduce the number ofdegameters for the den-
sity pro le reconstruction from the x-ray re ectivity andf the determination of the
interfacial tension (see sectidr?).

A 5ml Duran glass pycnometer (see Hgl) was purchased from Carl Roth GmbH
+ Co. KG. The volumé/, was calibrated aT, = 20 C by the manufacturer. The
temperature dependence of the volume was approximated by

V(T)= Voll+ (T T Vo[l+3 (T To)l; (4.1)

with V, the calibrated volume afy = 20 C, T the temperature in degrees Celsius
and = 3:3 10 ®K 1!the linear expansion coef cient of borosilicate glass [GFH
3 . This is valid for isotropic materials and 1

The pycnometer was cleaned with an alkaline detergent aadaards rinsed with
pure water. The mass of the cleaned empty pycnometer wasriiesel by a balance
with an accuracy of 0:5 10 3 gand will be referred to as,. The RTILs were degassed
at a temperature @0 C and a pressure df mbar for 24 h before they were lled into
the clean pycnometer. The equilibration time at each teaipex wasl h. The excess
liquid was removed with cleansing tissues.

Knowing the mass of the empty pycnometey, the mass of the pycnometer lled
with liquid m¢(T) and the volume of the pycnometer as a function of temperature

49
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capillary tube

«

ground glass
stopper —

flask

Figure 4.1: Sketch of a pycnometer as used for the deterimmaft the RTIL bulk
densities. The capillary tube feeding through the grourmdgktopper provides a high
precision for the measurement of changes in the volumeirigad a high accuracy of
the density quantity.

V(T), the temperature-dependent density of the liquid can baimdd via%T) =
(m¢(T) my)=V(T). The measured density values are shown in Zab.The density
values were tted with a linear polynomi&jT) = a T + b. The resulting t parame-
ters are summarized in Tadh.2 The density decreases with increasing temperature by
approximatelyl0 3gcm 3K 1.

With the knowledge of the temperature dependence of theitteemghe volumet-

ric thermal expansion coef cient = %A%;A’of the ionic liquids can be obtained with

Eg. 4.1). Equation 4.1) can be rearranged tqT) = O/Z/.‘;) 1 . The volumetric
thermal expansion coef cients obtained from the densityasugements for all investi-
gated ionic liquids are shown in Ta#.2 They are all of the same order of magnitude
5 10 4K ! with only a slight increase with temperature. In the tempesrange
20 Cto+110 C changes less tha@ The absolute error of the density measure-
ments was estimated 105 10 3g cm 3 for all RTILs. The estimation was obtained by

error propagation:

VoV (T)
mp mt+ 1 @m

1
%= oy (Mt mp)+ 0

I3V M fvm et | #.2)
+ 3V (To T)%

with T = 0:5 C the temperature accuracy of the oven, = 0:3 10 'K ! the
error of the thermal expansion coef cientm, = m; = 0:5 10 3¢ the uncertainty

of the measurement of the mass of the empty and the lled pyater, respectively,
and V = 0:002cn? the error in the determination of the volume. The error of the
volume is mainly caused by the high viscosities of the RTIClse high viscosity leads
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Table 4.1: Measured bulk density valuésf the ionic liquids at several temperatures.
[omim*][PFs] [bmim*][BF,] [hmim*][Tf,N ] [bmpy"][Tf,N ]

TI(C)  %gcm °) %(gcm °) %(gcm °) %(gcm °)
4.0 1.3873 1.2176 — —

30.0 1.3640 1.1989 1.3693 —
35.0 — — — 1.3912
50.0 1.3512 1.1883 1.3536 1.3800
70.0 1.3381 1.1759 1.3357 1.3653
85.0 1.3261 1.1680 1.3235

90.0 — — — 1.3491

100.0 1.3160 1.1572 1.3125 —

106.0 - - — 1.3416

to small air bubbles trapped inside the pycnometer and d siveahge in the position of
the glass stopper. The error induced due to buoyancy fatlimthe above mentioned
absolute error and was therefore not considered furtheputities such as water and
Cl decrease the density of RTILs as pointed out by Seddon e6&].gnd by the
density data obtained by Jacquemin et al. [69]. All RTILsgig®s are higher than the
density of water and vary betwedn2gcm 2 and1:4gcm 2 at 20 C. The density
values of all measured RTILs are equal to the highest lileeatalues or even higher.
This suggests that the water content of our samples was sitheal, but this was not
quanti ed. Furthermore, the density values seem to dewgitematically from the
literature; the difference increases with temperaturd wiir data always lying above
the literature values. This could be caused by an overestmaf the volume increase
of the pynometer with temperature.

The density of [omim*™][BF ,] as a function of the temperature is shown in Fg
The Figure also shows density values from literature. Ota dampares well with the
values measured by Azevedo et al. [70], Harris et al. [71]Anthony et al. [72]. Also
the value from the datasheet of the Merck KGaA [11] ts welheThighest deviation of
aboutl:4 %is found for the values obtained by Huo et al. [73]. The watattent of the
samples from Huo et al. was 2000 ppm Azevedo et al. reported a water content of
75 ppmand the samples of Harris et al. contaidbpmwater. The water content of
the samples from Anthony et al. was not reported. The tworsrdemagnitude higher
water content of the samples from Huo et al. compared to Aleet al. and Harris et
al. can explain the lower density values measured by Huo &hal fact that our density
values are very close to the ones from Harris et al. and Azeeedl. suggests that our
samples had also a water content of less tHzhppm

The density of [omim*J[PF,] is shown in Fig4.3together with some values from
literature. Jacquemin et al. [69] measured the density finyasample (about90 ppm
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Figure 4.2: Temperature dependence of the density of [BiiBF, ] (blue circles with
error bars) and a linear t to the data (blue dashed line) carag to literature values:
Merck KGaA [11] data sheet value (red rhomb), Azevedo ef78l] (green triangles up),
Harris et al. [71] (magenta triangles right), Anthony et[@R] (black triangles down),
and Huo et al. [73] (green cubes).

water content) and a sample saturated with water (a2@8@0 ppnmwater content). The
values of the saturated sample were alddbi®olower than the values of the dry sample.
Other density values were measured by Pereiro et al. [74g(wantenB800 ppr), Kabo

et al. [75] (water contert00 ppn), Gu et al. [76] (water conterdt500 ppn) and Huo et

al. [73] (water contenk 2000 ppm). These values con rm the systematic decrease of
the density with increasing water content.

The density of [nmim*™][Tfo,N ] compares well with the available literature values
(see Fig4.4). Azevedo et al. [77] reported a water conten7&fppm of their samples
and Kumelan et al. [78] used samples with a water conte2@@ipm Tokuda et al. [39]
did not report any quantities concerning the mass fractfomater.

The density of [ompy"][Tf,N ] is shown in Fig.4.5together with some literature
values. Gardas et al. [79] reported a water conte@2qipm Tokuda et al. [39] did not
report any values for the water content.



4.1. LIQUID DENSITY (PYCNOMETRY) 53

o

coc b b b P b b P P
L]
° |>41A,""'
&

1,31 T T 17 ‘ T T 17 ‘ T T 17T ‘ T T 17T ‘ T T g T ‘ T T 17T ‘ 1 T 17
15 30 45 60 75 90 105
Temperature (°C)

o

Figure 4.3: Temperature dependence of the [bnjjRF, ] density (blue circles with

error bars) and a linear t to the data (blue dashed line) carag to literature values:
Merck KGaA [11] data sheet value (red rhomb), Kabo et al. [¢B¢en triangles down),
Gu et al. [76] (red triangles up), Huo et al. [73] (black tgdes right), Pereiro et al. [74]
(magenta cubes), and Jacquemin et al. [69] (dried samplestdangles left; saturated
with water: green full circles).
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Figure 4.4: Temperature dependence of the [hjjirf ,N ] density (blue circles with
error bars) and a linear t to the data (blue dashed line) canag to literature values:
Merck KGaA [11] data sheet value (red rhomb), Azevedo e7&l] (green triangles up),
Kumelan et al. [78] (magenta triangles down), and Tokuda. ¢89] (black cube).
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Figure 4.5: Temperature dependence of the [bni[df N ] density (blue circles with
error bars) and a linear t to the data (blue dashed line) carag to literature values:
Merck KGaA [11] data sheet value (red rhomb), Gardas et 8l ((hagenta triangles
down), and Tokuda et al. [39] (green triangle up).

Table 4.2: Thermal expansion coef cient§10 4 K 1) of the RTILs and correlation
parameters/(g cm 3K 1) andb/(g cm 3) for the densities as a function of temperature
determined by tting the measured values with a linear fiorc®T) = a T + b.

[omim*][PFs] [bmim*][BF,] [hmim*][Tf,N ] [bmpy"][Tf,N ]

5.3 5.1 6.0 5.1

a -0.0007 -0.0006 -0.0008 -0.0007
b 1.3883 1.2189 1.3940 1.4157
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4.2 Surface and interfacial tension

RTILs can be considered as binary solutions. The impactet#tion/anion combina-
tion on the interfacial tension and particular compositirhe interface are discussed
in the following section. The interfacial tension betwedRTdL and air is also referred
to as surface tension.

The interfacial tensions,, can be separated into contributions arising from dis-
persion and polar forces with an approach introduced by EsW&0], assuming that
the total interfacial energy of n-hexane arises from disiparforces only. Fowkes ex-
perimentally con rmed his prediction that the geometricanef the dispersion forces
suf ciently describes the interaction energies at therilaige caused by dispersion forces

ab= at b 2 gg; (4.3)
a= 5+ b (4.4)

with , as the surface tension of liquid & the dispersion force component of liquid a
and P the polar force component of liquid a. Equatiegh4) was suggested by Schultz
et al. [81], assuming that the surface tension can gendralgxpressed by the sum of a
dispersion and a polar component.

The interfacial tensions of four RTILs with air and n-hexamere measured at am-
bient conditionsZ2 2 C, 22 1% RH) with the pendant drop method. The latter
exploits the fact that the gravitational force acting on @pdof a few | (depending on
the interfacial density difference) is of the same order agnitude as the corresponding
interfacial tension. Therefore, the interfacial tensian e obtained by tting numer-
ical solutions of the Laplace equation to a digitized contoua hanging drop right
before it detaches from the dispense needle. Measuremedtdrap shape analysis
were performed on the instrument OCA 30 (Dataphysics, sgedd). The instrument
was adjusted to reach a high optical contrast even for thedhitiguid measurements
and still provide a vapor-water tension valueZ8 mNm * at 22 C in good agree-
ment with the literature724 mN m * at22 C obtained by a second order polynomial
t to the data from CRC handbook [82]).

Every measurement was repeated ve times. The arithmet@nséor all RTILs
are summarized in TaB.3 The standard deviation of the respective measurements was
0:1mN m *. However, additional error sources led to a higher totadreof about
0:6 mNm *. The main error sources are the background lighting whici lead to
a deviation from the calibration and the adjustment of theuifowhich may cause an
altered drop shape and therefore result in a differentfexteal tension value.
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Figure 4.6: The instrument OCA 30 used for the pendant droasomrements (left).
A picture of a pendant drop of pure water surrounded by amt@g and picture of a
pendant drop of [hmim]|[Tf,N ] immersed in n-hexane (right) as recorded with the
OCA 30.

Table 4.3: Surface tension,/(mNm 1), interfacial tension with n-hexane
ce/(MNm 1), dispersive component 9(mNm %), and polar component
P/(mN m 1) of the four RTILs measured with the pendant drop method.

\ C6 d P
[bmim*][PFy]  43.5 14.1 30.8 12.7
[bmim*][BF,]  44.2 13.1 33.0 11.2
[hmim*][Tf,N ] 31.0 4.9 26.8 4.2
[bmpy* [TfoN ] 33.2 8.2 255 7.7

The obtained surface tensions of the RTILs are in generdienithan for alkanes
(e.g. n-Decane:, = 23:9mNm * [80]) but still smaller than the surface tension of
water. The surface tensions of [bmiffPF, ] and [bminT ][BF, ] are of the same order
of magnitude and so are their interfacial tensions with xane. However, the latter has
a slightly higher surface tension and a slightly lower ifgelal tension. Consequently,
this leads to similar dispersion and similar polar compasidor both RTILs. Mach
et al. [83] reported that uorination tends to lower the suoé tension substantially.
Therefore the decrease of surface tension by changing tbe tom [BF, ] to [PF; ] is
most likely caused by the higher degree of uorination foe fhtter anion rather than
by the variation of the anion size. Exchanging the anion byrdlar type of anions has
only a small impact on the surface tension.

Similar results were obtained for the surface tensions ahifff J[TfoN ]
and [bmpy ] [TfoN ] with a slightly higher value for the latter one. Exchangiig
cations modi ed the surface tension by about the same amamiekchange of the an-
ions in [bmim"][PF,] and [bmim ][BF,]. The interfacial tensions between n-hexane
and [hminmi ][Tf,N ]and [bmpy ][TfoN ] deviate by abous#0 %from each other. This
can be explained by an increase of the dispersive compoaaséd by the longer alkyl-
chain for [hminT] compared to [bmpY].
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Langmuir's principle of independent surface action [84jtes that the value of the
interfacial tension corresponds to the chemical compmsif the interface. Since both,
anion and cation, have an impact on the surface tension &THes as discussed before,
they should both be present at the surface.

Figure 4.7 shows the surface tension values for the RTILs measuredsnmbrk
together with some literature values. The spread of thealiiee data is rather large.
The values of Sung et al. [85] and Deetlefs et al. [86] agrek wi¢h our data for
[omim*][BF, ]. Also Sloutskin et al. [15] measured the surface tensioméih RTILS,
[bmim™ ][BF, ] and [bminT ]J[PF; ], with less deviation for the value of the dry sample.
Freire et al. [87] obtained temperature-dependent valuethé same two RTILs which
are in good agreement with our data. The difference betweenata and the values
measured by Huddleston et al. [38] is signi cant, for [omiliBF, ] our value is smaller
by about2:5 mNm * and for [bmint ][PF, ] by about5:5mNm *. Pereiro et al. [88]
and Halka et al. [89] measured values for the surface terdiiomim* ][PF; ] which t
in with the data obtained in this work. Dzyuba et al. [90] rep@lues for [bmimi J[PF; ]
and [hmint J[Tf,N ], which are abou2:5 mNm * and abou#:5mN m * higher than
our data, respectively. The surface tension of [hiAlifif N ] agrees well with the
temperature-dependent values obtained by Rebelo et §l. [@ille orini et al. [92]
report values for [nmim][Tf,N ] and [bmpy ][TfoN ]. The value for the latter one
deviates only little from our data compared to a lower valfi@imut4 mNm * for the
rst one.

The above mentioned literature values were obtained bgreéift methods. Huddle-
ston et al. [38] and Freire et al. [87] used the du Nouy ringhoedt[93]. Our values
obtained with the pendant drop method coincide well with takies from Freire et
al., but not with the values supplied by Huddleston et al.sThiggests that the value
of the surface tension does not unconditionally dependerthe method used. The
scatter of the data for the surface tensions could also bseddoy the different water
and halide contents of the samples. Freire et al. [87] cordrthe dependence of the
[bmim™ ][PF; ] surface tension on the bulk water content. Starting fromyasdmple the
surface tension rst decreases with increasing water ctariteabouto4 %of the value
of the dry sample and then increases again to a somewhat hagloe than the starting
value for the dry sample. Therefore, a deviation up # can be explained already by
means of the bulk water content. Additionally, Deetlefs|ef&6] suggested that an in-
crease of halide content may lead to an increase of the sudasion. Up to now there
is, however, no data con rmation of this suggestion.
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Figure 4.7: Measured surface tension values (blue opelesivath error bars) together
with literature values. a) [bmihi[BF,]: Huddleston et al. [38] (black triangle up),
Sung et al. [85] (blue triangle down), Deetlefs et al. [86&k rhomb), Freire et al. [87]
(green cubes, green dashed line: linear t to temperatupeni@ent data), Sloutskin et
al. [15] (red triangle left: dry sample, red triangle rigitith water saturated sample); b)
[bmim™ ][PF; ]: Pereiro et al. [88] (magenta rhombs; magenta dashedseeond order
polynomial t to temperature dependent data), Freire ef&I] (green cubes, green
dashed line: linear tto temperature dependent data), tSkooi et al. [15] (red triangle
left), Halka et al. [89] (black triangle right), Dzyuba et f0] (magenta triangle down),
Huddleston et al. [38] (black triangle up: dry sample, blaténgle down: with water
saturated sample); c) [hmirf{Tf,N ]: Dzyuba et al. [90] (magenta triangle down),
Mille orini et al. [92] (red rhomb), Rebelo et al. [91] (greetriangle up; green dashed
line: linear t to the temperature dependent data); d) [bmpyfoN ]: Mille orini et

al. [92] (red rhomb).

4.3 Bulk liquid structure

The bulk liquid x-ray scattering experiments were perfadmath the same setup used
for the x-ray re ectivity experiments at the beamline ID15ASRF. The horizontal mo-
mentum transfer was varied up ¢p= 2 A ! for the measurement of the bulk liquid
scattering. The raw data was corrected as described irB&ec.

The corrected data are summarized in B@ The RTILs containing the [EN ]
anion ([hmim J[Tf,N ] and [bmpy ][TfoN ]) were both measured a = 110 C
andT = 20 C. The bulk scattering of the RTILs containing the [bmihrcation
([lomim*][BF,] and [bmim"][PF,]) were measured af = 110 C for the rst and
atT = 20 C for the latter. The RTIL [bmpY] [TfoN ] was also measured with a
high water content al = 2 C. The RTIL droplet was saturated with water by im-
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mersing it in pure water fot2 hat room temperature (maximum possible water uptake:
14800 ppm[12]).

Bulk liquid scattering from [bmim *][BF ,] and [bmim™][PF4]

The bulk liquid scattering recorded for [bmifiBF,] shows only one maximum at

q = 1:47A 1'in the investigated momentum transfer range. The scattatedsity of
[bmim* ][PF ] shows two clear maxima, one @t 0:99A ! and one atj= 1:43A 1.
These peaks indicate dominant length scales on which §patralations are presentin
the bulk liquid (see Se@.3). The corresponding real space distances are approxiymatel
given by2 =q = 4:3A for the peak in the intensity scattered of [bmiliBF,], and
6:4A and4:4A for the rst and second peak in the [bmifiPF, ] data, respectively.
Furthermore, a shoulder rather than a distinct peak is sbden the lowg range, which

is less pronounced in the bulk liquid scattering from [brh]fBF, ]. The shoulder in the
scattered intensity of [omifj[PF; ] spans roughly the rang®45A < q < 0:7A 1.

The rst peak in [bmint ]J[PF ] cannot be assigned to intramolecular correlations within
the cation, since no such peak was observed for the [BifBR , ] containing the same
cation. The peak aj = 1:43A ! can be assigned to the distance between imidazolium
rings in planar con guration [94].

The x-ray analysis of shock-induced crystallization ofengpoled [bmim ][PF;]
showed a rather unconventional charge ordered structtinehg cations forming chan-
nels, where the anions are placed in the channels [95]. Betheeasurements, a similar
imidazolium-imidazolium interplanar distance 4iB4A was retrieved. Furthermore, a
centroid-to-centroid separation 6fL1A was reported for the cations in this con gura-
tion. Interestingly, the x-ray analysis of the crystalifbmim® ][PF; ] revealed that two
different imidazolium-imidazolium ring arrangements g@resent in the crystal struc-
ture. Figure4.9a shows a sketch of both structures. The rst structure with lutyl
groups pointing into the space between the imidazoliumsrif@ations shown in red
in Fig. 4.9a) exhibits correlations as mentioned before. The secandtate with the
butyl groups pointing away (cations shown in green in Higa) shows an interpla-
nar imidazolium-imidazolium distance 8f46A and a centroid-to-centroid distance of
4:86A. The centers of corresponding imidazolium ring pairs artteshby 4:31A. This
suggests that the second peak observed in the bulk liquittsog from [bminT J[PF; ]
corresponds to planar correlations between imidazoliumgsriwith the butyl chains
pointing into the space between them. The rst peak corredpdo centroid-centroid
correlations of the cations. The second possible arrangemay be less pronounced in
the liquid state due to the higher mobility of the molecules.

Keeping the structure analysis results of [bmifPF, ] in mind and comparing it to
[omim*][BF, ] suggests that the interplanar distance of the imidazolimgs is even
smaller than in the crystallized state of [bniitfPF, ], re ected in the real space cor-
relation distance ofh3A. Since no peak indicates the presence of centroid-centroid
correlations 06:1 A in the RTIL [bmim"][BF, ], some structural changes of the cations
have to occur by changing the anion from [Rfo [BF, ]. The smaller anion [Bf] has,
however, also a smaller ionic radius and exhibits thered@®onger cation-anion bond-
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ing. This enables tighter ion packing and could therefoae k® a smaller imidazolium-
imidazolium ring distance and more importantly to a smadlaft of the ring centers of
respective cation pairs which would result in a smaller @@dtcentroid correlation dis-
tance of about the same as the interplanar imidazolium iistgrces. This explains also
the broader peak with the center positioned at1:47A ! in the bulk liquid scattering
intensity of [omini ][BF, ]. This nding is corroborated by neutron diffraction dath-o
tained from liquid 1,3-dimethylimidazolium hexa uoropsphate [mmim][PF;] and
1,3-dimethylimidazolium chloride [mmii[Cl ], which show that the most favorable
location of the chloride is closer to the imidazolium ringtbg cation than the hex-
a uorophosphate re ected in a expanded liquid structuretfee RTIL with the latter
anion [96, 97]. It was already reported that the structurditbérent solid RTILs is at
least partially preserved even in their liquid state, altjio the absolute distances are
most likely to change upon melting [97, 98].

Further evidence for the peak assignments discussed abg@revided by the re-
sults of x-ray structural analysis of the 1-ethyl-3-meimytlazolium hexa uorophos-
phate [emim ][PF; ] by Fuller et al. [99]. They reported a centroid-centroiti@a pair
separation 06:39A and a imidazolium ring-ring distance af53A. The structural ar-
rangement is mainly driven by interionic cation-anion @b interactions and only
minimal hydrogen bonding forces [99]. On the other hand,uations assigned the
correlation distance of approximately8 A to the rst solvation shell of the [PH anion
around the imidazolium ring. The characteristic distant&:85A resembles cation-
cation correlations in these studies [100]. This would &splain the [bomim][BF,, ]
data, since a smaller anion leads to smaller cation-caigtarttes which could in the
case of [omim][BF, ] coincide with the correlation length of the rst solvatishell.

Finally, the lowq shoulder has to be discussed. Wide angle x-ray diffractada df
[bmim* J[PF, ] also showed a lovg shoulder betweef:6 A ' and0:7A ! [94]. The
authors suggested that such a feature is related to inteategdnge order. Molecular
dynamic simulation studies showed indeed such a low wagtsrvg@eak [100]. The
presence of such a peak was attributed to medium range Ispattialations between
long alkyl chains. Medium range correlations were also tbumthe partial structure
factor of the anions. Since twice the centroid-centroidegtise in [bmin J[PF, ] corre-
sponds to features in the logwrange, it may be concluded that the shoulder originates
from medium range correlations of the butyl chains of théocat A less pronounced
low g shoulder in the case of [omini{BF, ] is most likely caused by closer packing of
the ions, leading to a reduced order of the alkyl chains achbgesteric hindrance.
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Figure 4.8: Bulk liquid scattering results from a) [hnfilfiTfoN ]. All curves are
shifted vertically by 0.3 units for clarity. b) [ompy{Tf,N JatT =110 C (red curves)
andT = 20 C (blue curves). The green curve shows the scattered ingeingih a
water saturated sample of [bmgfTf,N JatT = 2 C. c¢) Comparison of the high
temperature measurements of [hMifiTf,N ] (magenta curve) and [ompyTf,N ]
(black curve). d) Scattered intensity of [bmiffPF;] at T = 110 C (magenta curve)
and of [omimi ][BF,]atT = 20 C (black curve).
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b)

Figure 4.9: Sketches of structural arrangements of [brjjirt, ] reproduced from Di-
brov et al. [95] with the visualisation softwaMercury[101]. a) Two different types
of interplanar arrangements of imidazolium cations in lmj[PF; ]. b) A view of the
molecular arrangements of [bmiifiPF, ], showing the [PE] channels with interpene-
trating alkyl chains. H atoms have been omitted.
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Bulk liquid scattering from [hmim *][Tf,N ] and [bmpy*][Tf2N ]

Clear maxima can be observed in the high temperature datanoifti{ ][Tf,N ] at
q=0:44A 1, q=0:84A 'andqg= 1:33A 1. The rst maximum shifts to a lower

g value upon changing the temperatureTto= 20 C. The other maxima shift to
higherq values with a decrease in temperature. The thermal expansef cient of
[hmim*][Tf,N ] (see Sec4.]) states a linear expansion in one dimension which is ap-
proximately twice as much as the shifts of the maxima in tHk lbguid scattering.

The bulk liquid scattering of [ompy|[TfoN JatT = 110 C exhibits two maxima at
g=0:83A 'andqg=1:29A !. The maxima shift to higheyvalues as the temperature
is decreased td = 20 C. The scattered intensity from [omp}fTf,N ] saturated
with water atT = 2 C shows exactly the same features as the dry [Br{py,N ] at
T= 20C.

The rst peakin the bulk liquid scattering of [nmifi[Tf,N ]appears at the position
of the lowq shoulder in [bmim][PF, ], but much more pronounced, since the cations
contain the longer hexyl chain. The temperature behavidghisfpeak suggests even
further that it corresponds to medium range correlatiorth@fcation alkyl chains. The
rst peak gets sharper and shifts to a loweggralue with decreasing temperature whereas
the other features shift to highgwalues. Thus, the spatial correlations are enhanced and
the corresponding real space distance increases withad@egeemperature. A possible
explanation is that the lower temperature leads to a redonggadlity of the alkyl chains
around their C-C bonds with a linear conformation of the logdrbon chains. The
real space distance assigned to the peak=a0:42A !inthe case ofthd = 20 C
measurement ik5:0 A. Again this is roughly twice the correlation distance ofseeond
maximum7:4A which appeared in the [nmin}[Tf,N ] scattering data. The absence
of such a lowg peak or shoulder in the data of [omgyTf,N ] suggests that the anion
contribution to it is rather weak or even missing.

The second and third peak in the [hniiffiTf,N ] data are assigned to the cation
centroid-centroid distance and the interplanar imidazolring distance, respectively,
in the same manner as in the [bniiffPF; ] case. Both peak positions are at lower
g values than for [bmim][PF4 ], resembling the larger anion with a higher degree of
charge delocalization.

In the case of [bmpy][Tf,N ] no peak or shoulder is observed in the Igwange.
The rst and second peak correspond to real space distah@e8A and4:9 A, respec-
tively. These distances are slightly larger compared toctireesponding distances in
the [hmim" ][Tf,N ] data. This could be caused by the twisted pyrrolidiniung ifithe
cation which prevents packing as close as in the case of [AffilipN .

The [bmpy ][Tf,N ] saturated with water af = 2 C shows the same features
at the same positions in the scattered intensity as the datey gompy*][Tf,N ] at
T = 20 C. This implies that the small water content does not changeath corre-
lations discussed before. The water molecules tend to bidrpbly to the anions via
hydrogen bonding [102].

In order to favor one of the above discussed explanations ofiters, further bulk
liquid scattering data is needed from RTILs with systenaiiyocchanged cations, alkyl
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chain lengths and/or anions.

Table 4.4: Peak positiomgA 1) and corresponding real space distarags) obtained
by bulk liquid x-ray scattering at different temperatures.

[omim*][BF,] [bmim*][PFs] [hmim*][Tf,N ] [bompy*][Tf,N ]

TS ¢ g q d qa d qa d
1.47 4.3 — — 1.33 4.y 1.29 4.9
110 — — 0.84 7.8 0.83 7.6
- - 0.44 14.8
- - 1.43 4.8 1.37 4.6 1.33 4P
20 — — 0.99 6.4 0.85 7.4 0.85 7.4

- - <0.7 >90 042 150

a: corresponds to the cation centroid-centroid correlatistance
or cation-cation distance

b: corresponds to the imidazolium ring-ring distance
or the rst solvation shell of the anion

c. corresponds to alkyl chain medium range correlations

4.4 X-ray re ectivity

The re ectivity data presented in the following section e@&btained during ve beam-
times (May 2007, June 2007, September 2007, November 2@DFelruary 2008) at
beamline ID15A of the ESRF, which were partially devotedhis project. The inter-
faces of sapphire with four different RTILs were probed withay re ectivity at two
different temperatures each. In addition, the interfadeveen sapphire and one RTIL
([ompy* ][Tf,N ]) with high water content was investigated. A summary ofekper-
imental re ectivity curves is shown in Figt.10 All measurements span a momentum
transfer range up to at leagt = 1:3A 1, resulting in a molecular-scale real space
resolution of4:8A.

Three of the four investigated solid-liquid interfaces whdear features in their
re ectivity data, suggesting molecular layered structune the vertical direction. In
principle there are two different ways to form a layered dtite in a two-component
ionic system, both are depicted in Fig.11and Fig.4.12 The rst possibility is a
checkerboard-type structure with an equal amount of aramascations in each layer
(Fig. 4.11). This structure should be formed in systems where the coolmterac-
tions between the ions are the dominant interactions. Therdeasible arrangement
is a double layer structure with anions and cations cleapagated into distinct layers
Fig.4.12 This structure requires a system with strong correlatimig/een the ions and
a preference for either cations or anions at the interfabes@& two models can clearly
be distinguished by their associated layering perioduity
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Figure 4.10: Summary of the re ectivity measurements (bleiccles) together with the
ts obtained via the DC model (solid lines). Every soliddig interface was investigated
at a high (red line) and a low (blue line) temperature. Theasponding data to the green
line in d) shows the re ectivity of a [ompy][TfoN ] - sapphire interface saturated with
water. The curves are shifted vertically for clarity.

Due to the loss of phase information in x-ray re ectivity expnents (see Se.2),
the electron density pro les perpendicular to the integladave been reconstructed
by parameter re nement of model pro les. The models emptbyre the analysis are
the modi ed two component distorted crystal model (DC) (S==.2.2.2 and a semi-
guantitative generic layering model (SQ) (see 22.]). Initially, the DC model sim-
ulates the before discussed ion double-layer structureveder, also the checkerboard-
type structure can be simulated with the DC model by usingsyfmemetry factor .
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Fixing that symmetry factorto s = 0:5d, results in a coinciding position of thé"
cation layer center with thig" anion layer center, thus resembling a checkerboard-type
structure. The extent of the molecular layering can be dedidiom the decay of the
modulus of the normalized electron density pro le. Therefthe decay length values

were obtained by tting an envelope function to the electdamsity pro le. In addi-
tion, the re ection pattern calculated within the Parrdgaaithm (see Se2.1.6 for a
single slab model with up to two interfacial layers was used the data. The num-
ber of free tting parameters was reduced by using the inddpatly determined bulk
liquid density values (see Ses.l) as xed parameters, and the known atomic com-
position (related to diffraction and absorption) in all netgifor the interfacial density
pro le. The raw data were corrected as already discusseeétaildn Sec.3.4.1by nor-
malizing to the monitored primary beam intensity and appjythe foot print correction
and background correction. For further analysis the meaistg ectivity curves have
been normalized by the Fresnel re ectivity from an in nigesharp interface between
the sapphire substrate and the bulk RTIL.

Figure 4.11: Sketch of a checkerboard-type structure ofoad@mponent ionic system.
Positive and negative charged particles are indicated dyanel blue spheres, respec-
tively. The molecules inside the spheres are not true t@scal
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Figure 4.12: Sketch of a double layer arrangement of a twopament ionic system.
Positive and negative charged particles are indicated dyanel blue spheres, respec-
tively. The molecules inside the spheres are not true tescal

4.4.1 The [bmim'][BF,] - sapphire interface

The re ectivity from the [bmini ][BF,] - sapphire interface has been recorded at two
different temperatures. One &t= 110 C and a second &t = 55 C. The normal-
ized experimental data is shown in Fg13 The re ectivity decays monotonously with
only achange inthe slopeg@t 0:5A 1. The slope inthe low, part is approximately
the same at both temperatures, whereas the slope atdargelightly steeper for the
low temperature re ectivity. However, the x-ray re ecttyishows no distinct features
indicating molecular layering.

The simplest model which could adequately describe thefate was a single
slab model including an interfacial layer with enhancediiigdensity as depicted in
Fig. 4.13 For the tting the experimental data in the rang@6A ' < g, < 1:35A 1!
was used. The model parameters obtained by parameter remesne summarized in
Tab. 4.5 The thickness of the interfacial laydr= 3:9A atT = 55 C increases
with increasing temperature by abdli %tod = 4:7A atT = 110 C. A decrease
in temperature leads to an increase of the density of thef@cial layer of abouflO %
The interfacial density is at both temperatures approehgatO % higher than the cor-
responding bulk liquid density. A comparison of these resswith the molecular geom-
etry of the ions shown in Figl.13suggests the segregation of a single molecular layer
with an enhanced density to the solid-liquid interface. sTisi supported by the bulk
liquid scattering measurement for [bomifiBF, ] (see Sec.) which revealed a strong
spatial correlation with a real space distancedtdA. The degree of adsorption is
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weakened with increasing thermal energy leading to a dsere&the density of the
interfacial layer. Larger lateral diffusion and differenblecular conformations due to
a higher thermal energy are most likely the reason for thecase of the interfacial
layer thickness with increasing temperature. The absetitee of the interfacial layer
thickness is somewhat smaller than the thickne€s5oA of a distinct surface layer with
modi ed structure observed with x-ray re ectometry at thaid-vapor interface [15].
This can be explained with the results obtained via direcbitespectrometry (DRS)
and sum-frequency generation spectroscopy (SFG) [13, Bbgse studies report the
[omim* ][BF, ]-vapor interface being composed of an equal amount of catEmd an-
ions. The orientation of the imidazolium-ring of the catiwith respect to the surface is
reported to be perpendicular to the surface plane with tlyd bbain sticking into the
vapor phase. However, the imidazolium-ring of the catiothafbmim"][BF, ] - quartz
interface is oriented such that it exhibits a tilt angle w45 and90 with respect to
the interface plane as revealed by SFG measurements [188hutyl chain is oriented
parallel to the interface due to the con ned geometry, Irgdio a smaller interfacial
layer thickness at the solid-liquid interface.

Table 4.5: Comparison of the different parameters of thie siadel including an inter-
facial layer for the [bmim][BF, ] - sapphire interface & = 110 CandT = 55 C.

d ele
(A) (A) (gcm %) (10 ®cm ?) (10 ) (10 '3
110 C bulk 2.09 1.15 10.19 4.74 0.97
interfacial 4.65 1.56 1.84 16.27 7.56 1.56
55 C bulk 2.49 1.26 11.16 5.19 1.07
interfacial 3.86 1.45 2.05 18.17 8.45 1.74

4.4.2 The [bmim"][PF4] - sapphire interface

Figures4.14and4.15show the experimental x-ray re ectivity of the [bmiriPF;] -
sapphire interface 8 = 110 CandT =5 C. Since [bmim ]J[PF; ] exhibits a melting
temperature off, = 12 C, one measurement was performed far above the melting
point and the other one was conducted at a slightly supexddajuid. The overall
structure of the re ectivity shows a monotonous decay witb tifferent slopes similar
the re ectivity curves of the [bmirm][BF, ] - sapphire interface. The change of the slope
occurs also at, 0:5A 1. However, the re ectivity from [bmim][PF, ] displays an
additional feature at, 1:0A ! related to a real space periodicity®f 1.0 = 6:3A,
indicating the appearance of molecular layering at thefiate.

The re ectivities obtained at different temperatures waralyzed employing the
DC model as well as the SQ model. The experimental data irethge0:3A 1 <q, <
1:2A !was used for the re nement process with the DC model. For @et®del, only
the data in the rangg7A ! < g, < 1:2A ! was compared to the calculated pattern.



4.4. X-RAY REFLECTIVITY 69

Figure 4.13: a) Comparison of the normalized re ectivity ttpen from the
[omim*][BF, ] - sapphire interface afl = 110 C (red line) andT = 55 C (blue
line, shifted in vertical direction for clarity). The vertil dashed lines indicate the data
range used for tting. Density pro les reconstructed witloae slab model are shown in
b)forT =110 Candinc)forT = 55 C.

The DC model delivers the best t results with the cation nexthe substrate and a full
step layer broadening. The use of a single layer model ledreasonable model param-
eters and an insuf cient match with the experimental datae €alculated re ectivities
are compared with the experimental data in Fid.4 for the high temperature and in
Fig. 4.15for the low temperature. Figurke16depicts the obtained density pro les. The
corresponding parameters are summarized in Z#&b.

The temperature increase from=5 CtoT = 110 C does not induce a signif-
icant change of the re ection pattern, resulting in a constbstrate- rst layer offset
do = 3:5A in this temperature range as retrieved with the DC model. é¥ew the
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layer periodicity is increasing by approximatéybowith an increase in temperature of

T = 105 C. The decay length decreases abbthi®6fromT =110 CtoT =5 C.
The widths of the rst cation and the rst anion layer both rease approximately %.
The anion layers are slightly shifted away from the substsaich that they are asym-
metrically placed between the neighboring cation layerdshaugh the shift  is very
small, its impact on the quality of the t result is dramati€he shift s is increasing
with decreasing temperature.

The SQ model led to a re ectivity which reproduces the expemtal data only for

q > 0:7A 1. However, the temperature behavior of the layer periogastretrieved by
the DC model is con rmed by the results of the SQ approach waitly slightly different
absolute values. The decay length obtained from the SQ nedntical for the low
temperature to the value of the DC t, but decreases withaasing temperature. It
has to be noted that the meaning of the paranttes different for the DC and the SQ
model. Therefore, thdy values of the different models cannot be compared. For the
[bmim™ ][PF; ] - vapor interface by x-ray re ectivity a distinct layer 6f8 A thickness is
found [15]. Interestingly, a spatial correlation in thelbRTIL with a dominant distance
of 6:4A was found all = 20 C (see Sec4.3). That distinct correlation length was
assigned to centroid-centroid interactions of the catiohiis suggests that the layer
periodicity measured at the solid-liquid interface cop@sds to a double layer structure
rather than a checkerboard-type arrangement.

Table 4.6: Comparison of the different parameters obtairmd the re ectivity data of
the [bmim’ ][PF, ] - sapphire interface via DC model and SQ model. All unitsiar@)
except for the ratio=d, and the amplitudé (dimensionless).

do d =d, b s c a s A
110 C DC 35 6.9 1.5 1.3 2.5 1.7 2.0 0.14
SQ 0.2 6.4 1.0 1.1 0.2
5 C DC 3.5 6.5 1.2 1.4 2.9 1.8 2.1 0.26
SQ 0.2 6.3 1.2 1.0 0.2

4.4.3 Comparison between [bmim][BF ,] and [bomim™*][PF4]

The shape of the x-ray re ectivity of the [omini[BF, ] - sapphire interface suggests the
presence of a liquid layer with enhanced density adsorbétktsubstrate. The density
pro le of the [bmim" ][PF, ] - sapphire interface reconstructed from the correspandin
re ection pattern, indicates the presence of moleculaetayg which decays into the
bulk liquid with a decay length of:5d,.

Since both RTILs contain the same cation the change in tleefaaial behavior is
caused by the different anions. The bulk liquid structurengfes accordingly upon ex-
changing the anion which could be deduced from the bulkdigeattering experiments.
Surprisingly, the surface tension is equal for both RTIL&wn the error of the measure-
ment (see Sedl.1). Another property which depends signi cantly on the cleoaf the
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Figure 4.14: Normalized re ectivity data of the [bomii{PF, ] - sapphire interface ob-
tained afl = 110 C together with the calculated re ectivity of the DC modeldriene)
and of the SQ model (green line). The latter is shifted by ateloof magnitude for
clarity.

anion is the miscibility with water. While [bmiii[BF, ] is totally miscible with water
[omim™ ][PF4 ] is not [104]. It is obvious that the water miscibility defkncrucially
on the choice of the anion. It was therefore concluded thig§ [’ more hydrophobic
than [BF, ]. Romero et al. [8] investigated the structural arrangeméfbmim* ] based
RTILs at hydrophilic surfaces with SFG. The OH groups of tlydrophilic substrate
form weak hydrogen bonds with the nitrogen atoms of the izodlam ring. The au-
thors also observed that the anion is adsorbed to the hyiiglrface, resulting in a
tilt of the cation towards the surface normal. Since the, [B&nion is hydrophilic it
should be more attracted towards polar groups which in ose eae the polar C(2)-H
group on the imidazolium ring and the Al-O-H groups of the toghilic substrate. The
strong coupling between the [BFand the polar C(2)-H group of the imidazolium ring
is con rmed by a x-ray crystallographic analysis of [briilfCl ], which is also fully
miscible with water [105]. The anion size increases from [Biwith a B-F bonding
length of aboutl:4 A [106] to [PF;] with a P-F bonding length of about5A. The
larger the anions, the more delocalized are their charges.i3he ected by an increase
of the ionic radius which i2:29A for the [BF, ] and 2:54A for the [PF; ] as reported
by Romero et al. [103]. This implies that the cation-anidmaation in [ominT J[PF; ]

is weaker than in [bmim][BF, ] and that the [PE] anion is less attracted to the hy-
drophilic substrate due to its hydrophobic character. Harehe double layer structure
leads to cations sitting next to each other and clearly legetach other. The additional
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Figure 4.15: Normalized re ectivity data of the [bmiifjPF,] - sapphire interface
obtained al =5 C together with the calculated re ectivity of the DC modeldrine)
and of the SQ model (green line). The latter is shifted by ateoof magnitude for
clarity.

interaction which may stabilize such a con guration are ltlgerogen bonds of the OH
groups of the substrate with the nitrogen atoms of the inalilazn rings. An interdig-
itation of the following anion layer with the cation layerudd further stabilize such a
system. It has also to be noted that the structure of crigdl[bmin ][PF, ] showed
a layered channel arrangement with cations opposed to ¢heh(see Fig4.9). This
indicates that the tendency to form charge arrangemenessaxy to build up a double
layer structure is already present in the bulk liquid stnoet Obviously, the more con-
ned geometry at the solid-liquid interface with additidmateractions between the ions
and the substrate promotes the formation of a layered steiirther.
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Figure 4.16: Electron density pro les of the [bmifjPF, ] - sapphire interface recon-
structed from ts of the DC model for @) = 110 C and b)T = 5 C. The partial
electron density pro les of the ions (red line: cations,dline: anions) are shown to-
gether with the respective Gaussian distributions. Thdgembtained with the SQ
model are shown in the respective insets.
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4.4.4 The [hmim"][TfoN ] - sapphire interface

The results of the x-ray re ectivity measurements at the ifhij[Tf,N ] - sapphire
interface afT = 110 CandT = 20 C are shown in Fig4.17. The RTIL exhibits

a melting point ofM, = 9 C, thus one measurement was performed far above the
melting point and the other one slightly beneath. The mostmsal features of the re-
ection pattern are two smooth dips, one locatechat 0:3A ! and another one at
g 0:9A 1. The temperature variation ofT = 130 C led to no signi cant modi -
cation of these features as well as the overall structuretieo tting the experimental
data in the rang@:2A ! < g, < 1:25A ! was used. The analysis of the re ectivity
with the SQ model failed to reproduce the measured curvesveMer, with the DC
model in the full step con guration and the rst ion layer cgisting of cations it was
possible to reproduce the experimental data precisely. cbne@sponding parameters
are summarized in Ta#.7 and the corresponding density pro les for both temperature
are shown in Fig4.18 Fitting the experimental data with a single layer modelted
unphysical parameters and a poor agreement with the melasueetivity curve.

The parameters obtained via the DC model clearly mirror #ut that the experi-
mental re ectivity shows no signi cant alteration with teyarature. The offset between
substrate and the rstion layer stays constant within theresf the tting routine and so
do the widths of the rst cation layer and rst anion layer. Aght change was found for
the layer periodicity and consequently for the decay lendtlidecreases by aboit%
and =d, increases approximateB owith the temperature decreasing frdnme 110 C
toT = 20 C. Since the volumetric thermal expansion coef cient of [lnmi{[Tf,N ]
is =6 10 *K ! (see sectiod.l), the bulk liquid expands in one dimension about
2:6 % with an increase of T = 130 C. Thus, the increase of the layer periodicity is
readily explained by the thermal expansion of the bulk kiqui

Table 4.7: Comparison of the parameters obtained from thectreity of the
[hmim*][Tf,N ] - sapphire interface via the DC model. The units areAn éxcept
for ratio =d, (dimensionless).

do d =d, b s c a s

110C DC 1.8 6.5 11 15 2.2 15 1.8 0.39
20C DC 18 6.4 11 1.4 2.2 1.6 1.8 0.32
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Figure 4.17: Normalized experimental re ectivity of thenfim*][Tf,N ] - sapphire
interface (black circles) &t =110 CandT = 20 C together with the best t results
obtained with the DC model (red linéf = 110 C; blue line: T = 20 C). No
temperature dependence of the re ectivity pattern was veske
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Figure 4.18: Reconstructed electron density pro les (DCdelp black line) of the
[hmim*][Tf,N ] - sapphire interface at d) = 110 Cand b)T = 20 C. The patrtial
electron density pro les of the ions (red line: cations, éliine: anions) are shown
together with the respective Gaussian distributions.
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4.4.5 The [bmpy ][Tf,N ] - sapphire interface

The re ection pattern of the interface between dry [brmjyf,N ] and sapphire has
been studied at two different temperatures:TAE 110 C far above the melting tem-
peratureT,, = 6 C and atT = 20 C (slightly supercooled). In addition, the
interface between sapphire and [bm{fiff ;N ] saturated with water was investigated
atT =2 C. Figures4.19and4.20show the experimentally recorded x-ray re ectivity
pattern of the dry RTIL all = 110 C and atT = 20 C, respectively. The most
prominent feature of these curves are a Lorentzian-shaipedt d, 1:.05A i At
the high temperature this dip is deeper with a smaller widtihgared to a broader less
pronounced dip in the re ectivity recorded at the low tengiare.

For the dry samples the DC model yielded the best t resulbmfull step con g-
uration with a cation layer next to the substrate. The oVsralpe of the experimental
data could also be described with the SQ model. The full s@priddel with an anion
layer next to the substrate resulted in poor ts with the expental data and unphysical
values for the free model parameters. With the cation netttesubstrate the half step
DC model led to an unacceptable result. In another appraactéconstruct the den-
sity pro le a single layer DC model was tted to the experintahdata. However, the
measured re ectivity could not be reproduced by such a modiak re ectivity from
the RTIL saturated with water could be tted using a singlabsmodel including an
interfacial layer.

High temperature

The experimental re ectivity curve obtained®t= 110 C was tted with the modi ed
distorted crystal model with several different parameégtiisgs. The best t result was
obtained with the full step model and the rst layer next te gubstrate consisting of
cations. Figuré.19shows the results of this t and the experimental re ectyviFor the
parameter re nement the experimental data in the rang@ifA ' < g < 1:35A 1
has been used. The parameters obtained with the DC full stelelrand the cation in
the vicinity of the substrate are discussed in the followifi¢pe center of the rst ion
layer is located atl, = 1:86A away from the sapphire substrate. The periodicity of the
layering was determined th) = 6:48A. The widths of the rst Gaussian density distri-
butions are . = 1:2A for the cations and, = 1:6A for the anions. The broadening

b = 2:4A leads to a decay length for the layering o 3:3A = 0:5d,. The sub-
strate roughness is = 2:0A. The reconstructed total density pro le together with the
ion Gaussian density distributions of the ion layers arevshim Fig. 4.21 The pro le
indicates clearly the fact that the layering decays aftpr@pmately half a layer period-
icity. Only the rst two Gaussians are rather sharp displgya real charge separation.
The third Gaussian layer is already signi cantly broaderesembling a blurred charge
separation.

The employment of the SQ model to the same experimental datgeras mentioned
before leads to a calculated re ectivity which coincidediweth the experimental data.
The result is shown in Figd.19(green line). The overall shape of the two calculated
re ectivities, one obtained with the DC model and the secobtained with the SQ
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model, is similar. The only signi cant deviation can be ob&sl around the region
of the dip atgq, 1:1A. This is most likely the reason for the slightly differenyéa
periodicity ofd, = 6:3 A obtained within the SQ model, since the position of theiflijs
related to the real space layer periodicitydyy= 2 =q¢. The decay length = 3:6A =
0:6d, determined with the SQ approach coincides well with valugsioed by the DC
model. Only the substrate roughness= 2:7A is signi cantly larger. This is most
likely an artefact of the simpler SQ model, since the Fresaelctivity of a substrate
with such a large roughness would decay much faster gittsuch that it would be
impossible to measure the re ection pattern to such lgghlues. All parameter values
are summarized in Tald.8 together with the values obtained for the low temperature
measurement. It has to be noted that the meaning of the ptmatgas different for
the DC and the SQ model. Therefore, thevalues of the different models cannot be
compared.
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Figure 4.19: Normalized re ectivity of the [ompy[Tf,N ]-sapphire interface ak =
110 C together with the best t obtained with the DC model (red )ia@d the t result
of the SQ model (green line; data and t are shifted by 2 ordéreagnitude for clarity).

Low temperature

The re ectivity obtained aff = 20 C is also best reproduced by the DC full step
model with cations next to the substrate (see Bi@0. The experimental data in
the range of:25A ! < g < 1:50A ! has been used for the t process. The result-
ing parameters have the following values: the center of tiseion layer is located at
do = 1:1A, the periodicity of the layering id, = 5:6A, the width of the rst cation
layer Gaussian density distribution ig = 1:1A and , = 1:6A for the anions. The
broadening is , = 2:0A with an associated decay length of 3:1A = 0:6d,, and the
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substrate roughnesg = 1:7A. The corresponding electron density pro le is shown in
Fig.4.21

The analysis of the low temperature data with the SQ modaeltezsin the follow-
ing parameter values: layer periodiclly = 6:4A, decay length = 2:4A = 0:4d,,
substrate roughnesg = 2:1A. The re ectivity curve calculated from the tted model
is shown in Fig4.20 The model describes the experimental re ectivity up to #ive
cal momentum transfeg,  1:4A ! quite well. Forg, > 1:4A ! the experimental
data show a slight decrease in the intensity, which is nabdpced by the SQ model.
The DC model describes the re ectivity in the high-g regimeain better. However, the
deviation is still larger than in the low-q regime. The vauer the layer periodicity
obtained the two models deviate by ab&Gt%from each other. The decay lengths are
also quite different.
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Figure 4.20: Normalized re ectivity of the [ompy[TfoN ]-sapphire interface af =
20 Ctogether with the best t obtained with the DC model (blues)and the t result
of the SQ model (green line; data and t are shifted by 2 ordééraagnitude for clarity).

Comparison of the re ectivity at low and high temperature

The distance between the substrate and the center of theomskayer increases by

do=ch 39 %with increasing temperature (see Tdt8). This is in contrast to x-ray
re ectivity results from an interface between sapphire anBTIL which contains the
same cation but a different anion, tris(penta uoroethgilubrophosphate [FAP] [63].
These ndings manifest once more that the properties of RHte strongly dependent
on their anion-cation combination rather than a singleocatir anion type.

The volumetric thermal expansion coef cient of [bom@gjTf,N ]is =6 10 4K 1

(see Sec4.]). A change in temperature of T = 130 C leads to a relative decrease of
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Figure 4.21: Electron density pro les of the [omp§Tf,N ]-sapphire interface at =
110 C and atT = 20 C deduced from the best t with the DC model. Also the
partial electron density pro les of the ions (red line: cets, blue line: anions) are
shown together with the respective Gaussian distributidiee pro les obtained with
the SQ model are shown in the respective insets.
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Table 4.8: Comparison of the parameters obtained from thectreity of the
[ompy" ][Tf,N ]- sapphire interface via the DC model and the SQ model. Tlis are
in (A) except for ratio=d, and the amplitud@ (dimensionless).

do d =d, b s c a s A
110 C DC 1.9 6.5 0.5 2.4 2.0 1.2 1.6 0.0
SQ 3.0 6.3 0.6 2.7 0.5
20 C DC 1.1 5.6 0.6 2.0 1.7 1.1 1.6 0.11
SQ 24 6.4 0.4 2.1 0.7
the bulk liquid density of = 7:7 %. Since the volumetric and the linear thermal

expansion coef cient for a liquid are related by 3 , the expansion in one dimension
is about2:6 %. However, the layer periodicity changes by abd86 % in this temper-
ature range. Thus, the change of the layer periodicity ionbt caused by the thermal
expansion of the liquid. The slightly higher decay lengttoat temperature indicates
the impact of the thermal energy. As one would expect thesame in temperature leads
to a higher thermal energy and therefore to an increase mmnt Since the layering
can be considered as an ordered structure with lower ent@pypared to the disordered
bulk liquid, an increase in the entropy should lead to a ledsered arrangement, thus
a faster decay. In addition, the interaction between thedpfdlic substrate and the
rstion layer increases with decreasing temperature aarlgléendicated by the substrate
to rst layer distancedy. These interactions, most likely hydrogen bonds and van der
Waals interactions, drive the layering process, thus leaigrthe cation-anion attraction
and the cation-cation/anion-anion repulsion. On the olaed, the layering feature in
the experimental data is much more pronounced at high teatyyer The layering fea-
ture depends on the ratio d§=d. This is supported by calculating the re ectivity curve
for differentd, values (see Figt.22). The width of the rst anion layer does not change
in the investigated temperature range. The width of the cation layer increases by
about4:3 % which is not signi cant.

High water content

A drop of the RTIL was placed fat2 hin liquid water at room temperature. The max-
imum possible water uptake for [omplfTf,N ] was reported to b&4800 ppm[12].
This drop was then placed on top of a sapphire substrate.ntéddace was investigated
by x-ray re ectivity at a temperature af = 2 C. The recorded x-ray re ectivity curve
is shown in Fig4.23 The re ectivity shows no features indicating moleculaydang

at the interface. The monotonous decay can be adequatedsilmes with a single slab
model including an interfacial layer with an enhanced dgrsmilar to the one used for
the [bmim" ][BF, ] - sapphire interface. For the tting the experimental datthe range
0:15A ! < g, < 1:15A ! was used. The reconstructed density pro le is shown in
Fig.4.23and the corresponding parameters are summarized it &l he3:3 A thick
interfacial layer exhibits a density which is ab@it %higher than the one of the bulk
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Figure 4.22: Calculated re ectivity curves for differerdtios ofdy=d with otherwise
the same parameters as for the re ectivity of the [bmpyf.N ]-sapphire interface
atT = 110 C. The ratiodp=d = 0:29 (red line) corresponds to the best t of the
experimental re ectivity curve.

liquid. For the liquid drop the corresponding bulk liquidastering (see See.3) has
also been measured. Interestingly the scattered intedlisityot indicate altered spatial
correlations in the investigated momentum transfer ranigergas the molecular layer-
ing at the solid-liquid interface vanished. One possiblgl@xation is that the water did
not diffuse into the bulk liquid during the exposure timel@h, since [bompy][TfoN ]

is known to be rather hydrophobic [11, 12]. Since the maxinwaer uptake is only
14800 ppmit is most likely that such a small water content does not geahe bulk
liquid correlations. On the other hand, it is a well estdbfect that even small amounts
of impurities (in theppm range) lead to signi cant changes in the surface and interfa
structures.

Table 4.9: Comparison of the different parameters of thie siadel including an inter-
facial layer [ompy ][Tf,N ]-sapphire interface saturated with wateffat 2 C.

d ere
(A) (A) (gem °) (10 cm ?) (10 °) (10 )
bulk 1.8 1.4 12.4 5.7 4.3

interfacial 3.3 1.3 2.0 17.8 8.3 6.3
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Figure 4.23: Normalized re ectivity of the [ompy[Tf,N ]-sapphire interface, where
the RTIL was saturated with water. The inset shows the cpording density pro le
reconstructed with a single slab model at the interface.

4.4.6 Comparison between [hmim][Tf,N ] and [bmpy*][TfoN ]

Both RTILs show a molecular layering at the solid-liquidgriace with similar layering
periodicities of abou6:5A and comparable substrate to rst cation layer distances at
T =110 C. Typical distances deduced from the bulk liquid scatteforgooth RTILs

are abou#:8 A and7:5A. The observed layering periodicity lies in between, buselo

to the cation centroid-centroid distance.

The electron density distribution of the [hmiffiTf N ]-sapphire interface shows
no signi cant temperature dependence in the investigatetperature range. On the
other hand, [bmpY][Tf,N ] exhibits a rather pronounced temperature-dependent be-
havior near the solid-liquid interface. A similar pronoedctemperature-dependence
was found for [ompy][FAP ] at a sapphire interface [63]. This clearly suggests a high
impact of the cation of a RTIL on the temperature-dependenabior near a solid-liquid
interface.

The temperature behavior of the [bmigycation might be caused by a change of
its conformation with temperature. For the pyrrolidiniuhe texistence of conformers
with different structural conformation energies has irdleéeen reported [107]. One
of the conformations exhibits a global minimum of the stamat conformation en-
ergy. The other conformers have higher structural conftonanergies ranging from
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E =35meVto E = 150meV. A temperature increase ofT = 130 C corre-
sponds to an energy increase of abbliimeV. Recalling that a Maxwell-Boltzmann
distribution holds for the motion of the molecules, it segmssible that a conforma-
tional change of the pyrrolidinium ring is induced by thanfgerature variation. Since
mainly the pyrrolidinium ring carries the positive chargettoe respective cation, the
ionic interactions primarily take place at the pyrrolidim ring. And as already men-
tioned, the coulomb interactions present in the invesd&TILs have a major impact
on the structural order of these liquids. Therefore, it ggmsted that the RTIL structure
is affected by the energetic accessible conformers of th®lpginium ring. In the case
of imidazolium-based cations only one ring conformatiorsex making the structural
impact of the imidazolium ring temperature independentis Baggestion is supported
by the fact that the DC model retrieved in the case of [bijpif,N ] for the width of
the rst cation Gaussian a decrease with decreasing teriyrerapposed by a temper-
ature independent rst anion Gaussian width.
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Conclusions

In this work a high energy x-ray re ectivity study of intedas between RTILs and a hard
wall is reported. For the rst time the interfacial structuwvas obtained with molecular
resolution. The thorough analysis of the experimental céwities gives clear evidence
of a pronounced molecular layering at the RTIL-solid irded. The periodicity of the
molecular layering corresponds to correlation distanoebe bulk liquid RTILs. The
values of the surface tension seem to be unrelated to theéaicitd structure.

Four different RTILs were studied. Two of them share the saat®n, [bmini],
with the most widely used and extensively studied anionB, [Band [PF; ]. The other
two RTILs fall into a more recent class of RTILs with highee&irochemical stability.
They share the same anion, {INf ], and a pyrrolidinium-based and an imidazolium-
based cation, respectively. The systematic exchange abthgpes within these four
RTILs revealed a distinct impact of the ion pair on the irder&l behavior.

Further information on interactions within the probed eys$ was gained by mea-
surements of the interfacial tensions with air and n-hexanall four RTILs at ambient
condition. The surface tension of the RTILs is higher thandhe for n-hexane but still
smaller than the one for water. The measurements reveaddrtiall changes in the
nature of the ions have only a minor impact on the value of thitase and interfacial
tension. The results suggest that the RTIL-vapor and RFHexane interface is com-
posed of similar amounts of cations and anions, thus no ersggaration occurs at the
RTIL-vapor interface.

In order to correlate the results for the interfacial stuoes with the bulk proper-
ties of the RTILs, bulk liquid x-ray scattering experimemtsre carried out at all four
RTILs. These measurements revealed the presence of sigmispatial correlations. In
all cases, correlations assigned to the cation ring-ristadce or the rst solvation shell
of the anion were observed. A distinct feature indicatingocacentroid-centroid cor-
relation distance or cation-cation distance was identirethe bulk liquid scattering of
[omim™ ][PF ], [hmim™ ][Tf,N ], and [ompy ][Tf,N ]. The imidazolium-based RTILs
showed an additional feature in the lgwange. As supported by literature this was as-
signed to medium range correlations of the alkyl chains efddtions. The temperature
dependence of the correlations present in the respectillesiSinsigni cant. The com-
parison of the correlation distances of the liquid statdwhie distances determined in
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the crystalline state for [bmitj[PF, ] suggests the existence of a substantial degree of
order even in the liquid state, resembling the crystallirieeo Thus, the charge ordered
structure of the crystalline phase is partially preservethe liquid state. In the case of
[ompy" ][Tf,N ], saturation with water did not change the correlationatises in the
bulk liquid scattering.

The x-ray re ectivity measurements gave rm evidence forexponentially damped
molecular layering in charge-separated double layers applsre substrate in the case
of [omim*J[PF ], [hmim™][Tf,N ], and [bmpy ][Tf,N ] with a layering periodicity
of approximately6:5A. For [bmim"][BF,], no layering was observed in the inves-
tigatedq range. [bmim] [PF;] exhibits the most extended layering with a decay
length of approximatelyi:5 layer spacings. A less pronounced layering is observed
for [nmim™ J[Tf,N ] with a decay length of about:1 layer spacings. In the case of
[ompy"][Tf,N ], the layering shows a decay length of approximat&bylayer spac-
ings. A signi cant temperature dependence of the x-ray eé\aty of the RTIL-sapphire
interface was only observed for [omplfTfoN ]. This temperature behavior might
be triggered by a conformational change of the pyrrolidimiing of the cation. For
[ompy" ][Tf,N ] saturated with water no layering was observed.

The RTILs which show a molecular layering at the interfac®axhibit a correla-
tion distance in the bulk liquid scattering similar to thgdang periodicity. The typical
value of aboutt0 mN m 1 for the surface tension does not change signi cantly upon io
exchange. The interfacial structure at a hard wall, on therohand, depends signi -
cantly on the ions. It is therefore concluded that the mdeedayering at a hard wall
corresponds to an ordering tendency which is already praséme bulk liquid.

The layer periodicity and the decay length of the molecwdgeting are similar in
the two models for the electron density, the semi-quant@éaiSQ) generic layering
model and the modi ed distorted crystal (DC) model. Therefdhey are considered as
robust ndings independent of the model for the electronsiiyn The modi ed distorted
crystal model strongly favored a cation layer adjacentécstibstrate over an anion layer.

Summarizing the results, this work has shown that the mtdestructure of RTIL-
solid interfaces is experimentally accessible with higérgg x-ray re ectivity. Our data
provide strong evidence for an exponentially decayingadayering perpendicular to
the interface with bulk-driven characteristics. Its detaygth depends strongly on the
ions in the RTILs. Due to the complex nature of the probedesysind the vast number
of RTILs, these rst molecular-level results need to be oborated by further studies
and supported by different experimental techniques.
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Outlook

In the following, some open questions and prospects fohéurstudies are discussed.
One of the remaining questions arising from this work fosuse the type of forces
leading to the molecular layering at the solid-liquid ifidéee. In order to get a deeper
understanding of the interactions present at the interfeeeeral aspects of the solid-
liquid system ought to be studied systematically. Firs,ithpact of the substrate ma-
terial and substrate termination has not been investigaiddr. All interface studies in
this work have been performed with the same kind of substretierial and the same
substrate termination. Alteration of the interfacial pedpes determined by the surface
termination of the sapphire substrate could give intemgstiformation on the effect of
hydrophobic and hydrophilic interaction. Other suitahlbstrate materials which could
be used for this kind of studies are rather scarce. Howeweilnpact of the chemical
composition of the substrate on the degree of the intelfiegiaring can only be studied
by using chemical different substrates.

A wide eld for further studies is the in uence of the chemiazonstitution of the
RTIL ions. This might be done by varying the alkyl chain leamgf the cations, or by
changing the degree and nature of the substitutions in arsgdic way. Another matter
of great importance are the Coulomb forces present in sucbram system. It is still
not totally clear to which extent they are present in RTILd &ow they in uence the
behavior of the RTILs at the interface and in the bulk. Deéferapproaches to achieve
further details upon the Coulomb interactions are imadsmallhe screening of the
Coulomb forces can be studied by adding different fractioina dielectric solvent to
the RTIL. Interesting insights are also expected from reity the changes triggered by
adding smaller mono atomic counter anions (halides) intd k. RSome of these ideas
have already been put into practice in our group [29].

The x-ray re ectivity experiments showed that the rst iaykr next to the substrate
consists in all cases of cations. This result still needsetsupported by other experi-
mental techniques and theory. One ansatz is to perform aituidBM measurement
at the solid-liquid interface although the feasibility afch an experiment has yet to be
proven. Additional information could be gained by probihg interface with the same
X-ray re ectivity technique but trying to induce a switchtbfe cations to the anions next
to the substrate by applying an electric eld forcing thesda rearrange. It should also
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be possible to determine the consistency of the ion layer toethe substrate with the
scanning Kelvin probe (SKP) technique. SKP is a techniqpaloi@ of retrieving the

work function of a surface and/or interface [108]. The comeli use of SKP together
with x-ray re ectivity measurements could also detect ié thigh energy x-ray beam
somehow charges the substrate.

In particular for industrial applications it would be impant to know how impuri-
ties modify the interfacial behavior of RTILs. Sources foipurities are the synthesis of
RTILs and the ambient condition at which they are kept. Thelsgsis process leads in
many cases to a signi cant halide content of the RTIL. The amielearly depends on
the ef ciency and cost effectiveness of the synthesis pec&he cost effectiveness of
large scale industrial processes depends also highly aedjugred environment. There-
fore, it would be of interest to investigate the impact of uripes in the surrounding
atmosphere on the properties of RTILs.

Nonetheless, itis clear that the before discussed obstadldoe overcome such that
RTILs can deploy their unique properties in a variety of n@plecations and processes.
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