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1. Introduction

Ionic Liquids (ILs) are salts with melting points

typically well below 100 °C, and are composed
of poorly coordinating organic cations and
organic or inorganic anions. A delocalized

charge distribution and steric effects lead to the

low melting point of ILs with a majority even

being liquid at room temperature (RT), in

contrast to “classical” salts such as sodium

chloride (NaCl), which is solid up to "800 °C Figure 1: Tonic Liquid (left) and sodium
(illustrated in Figure 1).! chloride (right), both at RT.

In the last three decades, ILs received a lot of attention due to their unusual properties,
such as a low melting point,? extremely low vapor pressure,”* thermal stability,>® wide liquid
range,” non-flammability,'? viscosity!! and large electrochemical window.'? This behavior is
the result of a complex interplay of Coulomb, hydrogen bonding, dipole and Van der Waals
interactions, which rarely occurs in other materials.!® The class of ILs exhibits a wide structural
diversity based on the nearly unlimited possibilities to combine various cations and anions.
Moreover, the possibility of implementing functional groups to the chemical structure or
applying mixtures allows for further adjusting their properties for specific demands. Besides

16-17 and electrochemical applications, 32" ILs are of particular

green chemistry,'*!* lubrication
interest in the field of catalysis®!>* due to their low vapor pressure®* and high thermal stability.>
8 The first industrial and still highly important application of ILs in catalysis is the BASIL™
(Biphasic Acid Scavening using Ionic Liquids) process for the production of
alkoxyphenylphosphines in 2002.2?7 Compared to the conventional process, the BASIL
process resulted in a substantial 80,000-fold increase in productivity (in terms of space-time

yield).?

Since then, different novel catalytic concepts based on ILs were developed, like the
SCILL (Solid Catalyst with Ionic Liquid Layer) approach.?-*? Thereby, a solid catalyst material
— often metal nanoparticles dispersed on porous supports — is covered by a thin IL layer that
modifies the behavior of the catalyst. In the course of the catalytic turnover, the reactants have

to pass through the gas/IL interface of the IL film in order to reach the active sites of the solid



catalyst, where the actual chemical conversion takes place (see Figure 2). The IL film fulfills
several main functions: Differences in the solubility and diffusion rate of competing reactants
(and products) can be exploited to tune the concentration and reactivity close to the active metal
sites. Furthermore, the IL can modify sites by ligand-like interactions or block less selective
sites of the solid catalyst and thus increase the yield and selectivity of the catalytic process.>*
Such SCILL systems are already commercially available by Clariant and are used for the
selective hydrogenation of unsaturated hydrocarbons.*® Based on this SCILL systems, the Dow
Chemical Company started up a new world scale production site in 2017 for the ultra-selective

hydrogenation of acetylene to form ethylene, which is a crucial feedstock for the production of

a variety of polymers.*’

Gas/IL interface:

SCILL Gas phase

Reactants

IL/catalyst interface:

Support material

Figure 2: Illustration of the SCILL process. Adapted from Ref.*®

To obtain the desired catalytic behaviour of a SCILL system, it is crucial to choose a
suitable IL/catalyst combination. Solid catalysts are well known and were studied in-depth for
several decades, if not centuries.**** In comparison, ILs are a comparable novel class of
material and have only been studied for a few decades.*!*** In particular, surface science studies
on thin IL films on metallic supports as model catalysts have only been addressed for a limited
number of systems.** To break down the complexity of the IL/metal systems making them more
accessible for surface science investigations, many studies in the past were limited to
comparatively unreactive surfaces (e.g. Au(111) and Ag(111)) or ILs with a simple chemical
structure (e.g. [CsCiIm][PFs] and [C1CiIm][Tf2N], see Table 1 on page 7) which are chemically

more stable and abundant on the market and in science.*?



However, these conditions differ considerably from real industrial applications where
more reactive metals are involved and more “complex” ILs with additional functionalities are
used, e.g. with proton availability. This complexity leads to a mismatch between real
applications and surface science.’*** Based on previous studies of less complex systems,* the
thesis at hand directs towards bridging this gap. For this purpose, metal substrates with different
degree of reactivity and/or an IL with an intrinsic functionality are chosen in order to investigate

model systems that are more relevant for real SCILL systems.

The performance of SCILL systems is governed by the interplay of the reactants with
the gas/IL interface, the bulk film and most importantly, the IL/metal interface. The properties
of the gas/IL interface and the bulk of thin macroscopic films have been under intensive
investigation for over two decades.*>*’ In case of macroscopic films of several pum up to mm
thickness, however, the IL/metal interface is buried under the bulk and therefore not accessible
for most surface science techniques.>® Thus, information on the IL/metal interface is scarce.
The surface science community had to wait impatiently until 2008 when the cornerstone for
investigations of the IL/metal interface was laid by Cremer et. al.>! For the first time, ILs were
successfully deposited via Physical Vapor Deposition (PVD) onto a substrate and subsequently
analyzed by Angle-Resolved X-ray Photoelectron Spectroscopy (ARXPS) under ultra-high
vacuum (UHV) conditions. Since then, PVD of ILs evolved to an established in-sifu deposition
method of well-defined ultra-thin IL films under extremely clean conditions. Furthermore, the
coverage can precisely be controlled ranging from the Angstrém regime to several nanometers.
XPS on the other hand, is an established surface science technique and allows for the analysis
of the chemical composition of the near-surface region of a condensed sample. Due to the XPS
information depth up to ~10 nm in ILs, which is in the order of the applied film thicknesses,
ARXPS is indeed a powerful technique for investigating the properties of the IL/metal

interface.’® #

The following four IL/metal systems were investigated as SCILL model catalysts in this
thesis and the results are published in four individual journal articles; the chemical structures

of all investigated ILs are shown in Table 1 on page 7.

[P1] [dema][TfO] on Au(111).

[P2] Mixtures of [dema][TfO] and [CsCiIm][PF¢] on Ag(111).
[P3] [C1CiIm][Tf2N] on Cu(111).

[P4] [CiCiIm][Tf2N] on Pt(111).



The main results are summarized in four chapters that address important aspects of these
model SCILL systems. The first intact deposition of a protic IL by PVD in vacuo is presented
in Chapter 3.1 ([P1]). The protic IL (PIL) [dema][TfO] was chosen because of its melting point
below RT (260-267 K),>>>? its high thermal stability (decomposition at ~630 K),>>"* and most
important by its proton availability with the equilibrium far on the ionic side (ApKa. well above
17).5% 3%55 Ultra-thin films that remain chemically intact were investigated on an Au(111)
surface that showed no reactivity towards ILs in the past. In SCILL catalysis, a good wettability
is a crucial requirement for the performance of the system. In this context, the arrangement of
the ions at the IL/metal interface, the film growth and most importantly, the wetting behavior
are discussed for all systems (except [CsCiIm][PFs]) in Chapter 3.2 ([P1, P3, P4]). Thereafter,
the thermal stability of ultra-thin films of [dema][TfO] on the moderately reactive Ag(111)
surface, and of the aprotic IL [CiCiIm][Tf2N] on the more reactive Cu(111) and Pt(111)
surfaces are summarized in Chapter 3.3 ([P1, P3, P4]). Indeed, both ILs undergo decomposition
already well below RT on the respective surfaces. Finally, a novel synthesis approach of ILs is
presented in Chapter 3.4 ([P2]). By applying a second aprotic IL to [dema][TfO] films on

Ag(111), anew IL can be formed by on-surface metathesis at the IL/metal interface.



2. Fundamentals and Techniques

This chapter introduces the main methods, materials and experimental approaches used for the

investigations in the work at hand.
2.1 Angle-resolved X-Ray Photoelectron Spectroscopy (ARXPS)

In this thesis, X-ray Photoelectron Spectroscopy (XPS) is the central spectroscopic technique,

which probes the elemental composition of the surface of condensed material.

XPS is based on the photoelectric effect discovered by Hertz>® and Hallwachs®” at the
end of the 19™ century, and finally explained by Einstein in 1905.°% A sample is irradiated with
photons of defined energy (4v) and hereby photoelectrons are excited to the continuum. The
kinetic energy (Exin) of the electrons is detected by an electron analyzer and their binding energy
(Ep) can be calculated. For this purpose, the spectrometer is typically calibrated to the Fermi

Level of the (metallic) sample taking into account the work function of the spectrometer (¢sp):
E, = hv — Eyipn — ¢sp

The binding energy of the photoelectrons is element specific and contains further
qualitative information on the chemical/physical environment and the oxidation state.
Moreover, XPS is a quantitative technique with distinct cross sections for the photoemission

process of each electron level.*

The information depth (ID) of XPS signals is dependent on the mean free path of the

emitted electrons (1) and the emission angle (3), and is defined as:
ID (A) = 31 - cos?

with 96% of the total signal originating within this depth.®® In Angle-Resolved XPS (ARXPS),
the ID varies with the emission angle of the electrons (see Figure 3). Probing organic materials
such as polymers or ILs with Al Ka-radiation (hv = 1486.6 eV), the ID is typically 7 to 9 nm in
normal emission (0°, bulk sensitive) and reduces to 1 to 1.5 nm in grazing emission (80°, surface

sensitive).*

Auger signals occur as side effect in XPS. Thereby, an excited core hole created in the
photoemission process undergoes an Auger decay resulting in the emission of an Auger
electron. Auger electrons have characteristic kinetic energy independent of the incident photon

energy. Further signals in XP-spectra are e.g. plasmon loss peaks or satellites. For a more
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detailed description of XPS, literature of van der Heide,®® Hiifner,! Seah and Briggs® is

recommended.

h ot .
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Figure 3: In ARXPS photoelectrons (e°) are emitted upon X-ray irradiation (4v). In 0° and 80°
emission the emitted electrons are referred as bulk and surface sensitive, respectively.

2.2 Single Crystals & Polycrystalline Foil

For the experiments in this thesis, round Pt(111), Au(111), Ag(111) and Cu(111) single crystals
with a diameter of 15 mm and a thickness of 2 mm were used. They were purchased from
MaTeck with a purity of > 99.999 %. The polished front side is aligned to the (111)-plane with
an accuracy better than 0.1°. Furthermore, on the small side two pinholes in opposing position
allow for inserting (K-type) thermocouples for temperature measurements and notches enable
fixation on the sample holders. The crystals were mounted to tantalum sample holders and fixed
with Ta wires. The polycrystalline Ag-foil was spot-welded with the help of tantalum foil to
the sampleholder. The sample holders, all mounted crystals and the mounted Ag-foil are

depicted in Figure 4.

Pt(111) Au(111) Ag(111) Cu(111)

Figure 4: Pt(111), Au(111), Ag(111) and Cu(111) single crystals, and a polycrystalline Ag-foil
sample mounted on standard Tantalum sample holders of the ESCA system.



2.3 lonic Liquids

The Ionic Liquids (ILs) used in this work are summarized in Table 1 along with several relevant
physical properties. [dema][TfO] was provided and synthesized by Tomoya Sasaki from the
group of Prof. Kuwabata (Osaka University).®® [CsCiIm][PFs] was purchased from Sigma-
Aldrich (purity > 95 %) and [CCiIm][Tf2N] was purchased from Iolitec (purity > 99 %).

Table 1: Overview of all investigated ILs: name, chemical structure, glass transition
temperature (7%), melting point (7;,) and molecular mass (M).

s . Tg Tm M
lonic Liquid Chemical structure
(K) (K) | (g/mol)
[dema][TfO] H . 2
|
Diethylmethylammonium /\Né\ F%é_o - 2607 | 237.24
trifluoromethanesulfonate | F (I)I
. . ~nN XN -Cs ~p- 65 67
1-methyl-3-octylimidazolium N N F/FI)\F 194 203 340.29
hexafluorophosphate \=/ F 202%
[C1Calm][Tf2N] ® S
A CF3<..N__. CF 2
1,3-dimethylimidazolium NN °>87 s 0 295 377,08
\—/ o7 u n~0 299
bis(trifluoromethylsulfonyl)imide o

2.4 Experimental Aspects

ESCA laboratory: For the work at hand, all experiments were performed using an ultra-high
vacuum (UHV) system entitled “ESCA”, which is an alternative and historical acronym for
XPS: Electron Spectroscopy for Chemical Analysis (see Figure 5). The ESCA system is
composed of a Preparation Chamber (sputtering, annealing, LEED, QMS, PVD of ILs), an
Analysis Chamber (ARXPS) with a base pressure in the 10'! mbar range and a Load Lock
Chamber (transfer system, through which samples can be introduced into the UHV system).
XP-spectra were acquired with a non-monochromatic Al Ka X-ray source (SPECS XR 50,
1486.6 eV, 240 W) and a hemispherical electron analyzer (VG SCIENTA R3000). For more

details on the ESCA laboratory, the reader is referred to the theses of Cremer® and of Rietzler®.

Data acquisition: All spectraon Au(111), Ag(111), Cu(111) were measured with a pass
energy of 100 eV, resulting in an overall energy resolution of about 0.9 eV (for more details
see Refs®7%). To improved statistics, the pass energy was increased to 200 eV for

measurements on Pt(111) resulting in an overall energy resolution of about ~1 eV.!P4! The raw



Figure 5: ESCA laboratory with UHV system.

data were quantitatively evaluated in CasaXPS V2.3.16Dev16. Shirley backgrounds were
subtracted for the Au 4f, Ag 3d and Cu 2p core levels.”! For Pt 4f, a constant background was
subtracted between 77 and 66 eV. Linear backgrounds were subtracted for the IL related S 2p,
C 1s,N Is, C 1s and F 1s regions, and fitted with Voigt profiles (30% Lorenzian contribution).
The Au 4f72, Ag 3ds;2, Cu 2p32 and Pt 4172 substrate related core levels were referenced to the
Fermi edge yielding 83.85, 368.2, 932.5 and 71.1 eV, respectively. The atomic sensitivity
factors (ASF) used for the quantitative analysis of the IL related S 2p, C 1s, N 1s, O Isand F 1s
regions are 0.41, 0.21, 0.36, 0.60 and 1.0, respectively.”?

Sample preparation: Prior to the deposition of ultra-thin IL films, all single crystals
were cleaned by short heating to 500 K and subsequent Ar” sputtering (600 V, 8 uA) for 30 mins
at RT. The Au(111), Ag(111) and Cu(111) crystals were subsequently annealed at 800 K for
10 mins. To remove more persistent carbon impurities on Pt(111), the crystal was annealed to
1100 K for 10 min, then exposed to an oxygen atmosphere (p = 10”7 mbar) at 800 K for 10 min,
and subsequently flashed to 1000 K. The cleanliness and long-range order of all crystals was
checked by XPS and Low Energy Electron Diffraction (LEED), respectively. After sample
cleaning, well defined amounts of ILs were deposited by Physical Vapor Deposition (PVD) in
UHYV from modified Knudsen cells with boron nitride crucibles. [dema][TfO], [CsCiIm][PF¢]
and [C1CiIm][Tf2N] were deposited at cell temperatures of 70-80, 175 and 125°C, respectively.
The details of the Knudsen cell were published in Ref.”®



Coverage determination: The IL film thickness on surfaces were derived from the
attenuation of the XPS signals of the support. The thickness of an ideal flat film in nanometer

(d) can be calculated in normal emission (4 = 0°) according to Lambert-Beer’s Law:’*

d

I __a
d, substrate — ¢ Tcosd

IO, substrate

with the mean free path (1), the intensity of the IL-covered substrate (/s subsirare), and the clean
substrate (1o, subsirate) taking only inelastic scattering into account. The inelastic mean free path
for the Au 3d, Ag 3d, Cu 2p and Pt 4f electrons in ILs is 3.0,7>77 2.5,7® 1.5!"3] and 3.1(P4 nm,

respectively.

In line with earlier publications by our group,’® for the determination of the IL coverage

the monolayer (ML) height (%) is approximated via the cubic root of the bulk molecular volume

h=3V, = /NA =

using the molar mass (M), Avogadro constant (N4) and mass density (p). Hereby, 1 ML is

defined as a closed double layer of ions irrespective of their arrangement. In a simplified picture,
a single wetting layer with all ions in direct contact with the substrate corresponds to 0.5 ML.
Based on this approach, # was determined to 0.67 nm for [dema][TfO],” 0.77 nm for
[CsC1Im][PFs]*°%! and 0.74 nm for [C1C1Im][TH:N].%°

It should be noted that for ideal layer-by-layer growth, the substrate signal should
decrease in a section-wise linear fashion for each layer. Consequently, Lambert Beer’s Law is
mathematically only correct for each fully closed layer (e.g. 0.5, 1.0, 1.5... ML) but not for
partly filled layers. Nevertheless, in 0° emission the discrepancy is marginal and thus this
approach was applied for the coverage determination. However, in 80° emission the deviation

is considerably more prominent and needs to be considered, see next paragraph.*- %

Film morphology and growth mode: The growth mode of IL films on surfaces can be
monitored via the support XPS signals in 0° (normal emission) and 80° (grazing emission).
Based on the measured attenuation ratio 4, subsiate/lo, subsirate 10 the bulk sensitive 0° geometry
and the thereof derived film thickness d, the expected attenuation ratio in 80° for an ideally flat

film can be calculated via Lambert Beer’s Law. Note again for the sake of clarity, the expected



ratio in 80° is only valid for fully closed layers of a layer-by-layer growing film while in-
between, a section-wise linear decrease of the substrate signal occurs, see previous paragraph.
The exponential decay for 0° (solid line) and the section-wise linear decay for 80° (dashed line)
of the support signal is illustrated in Figure 6. Comparing the ideally expected behavior in 80°
(dashed line) and the experimental values measured in 80°, information on the growth mode
can be deduced. Agreement indicates two-dimensional (2D) growth while experimental ratios

above the ideal dashed lines indicates a three-dimensional (3D) morphology of the film.** 82

Coverage / ML

0.0 0.5 1.0 15 2.0
——0° ideal 2D
\ - - -~ 80°: layer-by-layer

08 yer-by-lay
T N
Qoel
Q_ \
= “
a :
_90.4 - vl
3

0.2}

oolL— 1 1 = [ru==--

Film thickness / nm

Figure 6: Dependence of the support signal (14, substrate/ 0, substrare) upon film thickness. The solid
and dashed lines indicate ideal 2D growth in 0° and layer-by-layer growth in 80°, respectively.

Damping Factor determination: Additional to substrate related XP-signals, intrinsic
Auger signals and extrinsic XP-signals of surface contaminations may occur even on freshly
cleaned single crystals. For thin IL films, these additional signals need to be considered and
subtracted for the quantitative analysis when they interfere with IL related signals. Upon film
deposition, these signals are attenuated similarly to the damping of the substrate signal
(Ld, substrate! Lo, subsrare). The expected damping factor (14, Auger/cont/ 1o, Auger/cont.) 15 calculated via the
damping of the substrate considering the different mean free pathes Asupsirare and Aduger/cons. for

substrate photoelectrons and Auger electrons/contamination photoelectrons, respectively:

Asubstrate
14, Auger/cont. _ (Id, substrate)AAuger/cont.

IO, Auger/cont. IO, substrate
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3. Results and Discussion

The focus of this thesis was the investigation of the interactions of ILs with metallic supports.
Understanding of such systems on the molecular scale is essential for thin film applications like
SCILL. In particular, the cleanliness, film growth mode, wetting behaviour, arrangement of the
ions at the IL/metal interface and thermal stability of ultra-thin IL films were studied in detail.
The results of this dissertation were published in four individual journal articles and the major
conclusions are summarized in the following four chapters (see also illustrative summaries
shown in Figure 7). The author of this thesis contributed the entirety of the data for the
publications [P1] & [P2] and the spectroscopic part for the publications [P3] & [P4].
Publications [P3] and [P4] exhibit complementary nc-AFM, STM and DFT results. For a more
detailed description of the individual results, the reader is referred to the corresponding

publications [P1-P4] in the Appendix.

3.1 Intact Deposition by PVD of a 3.2 Growth of ILs on Metal Surfaces
protic IL on Au(111) [P1] [P1, P3, P4]

Au(111)

3.3 Thermal Stability of IL Films on 3.4 On-Surface Metathesis of a
reactive Metal Surfaces [P1, P3, P4] new IL [P2]

i A8
P v
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Figure 7: Illustration of chapter 3.1 Intact Deposition by PVD of a protic IL on Au(111) [P1],
3.2 Growth of ILs on Metal Surfaces [P1, P3, P4], 3.3 Thermal Stability of neat IL Films on
reactive Metal Surfaces [P1, P3, P4] and 3.4 On-Surface Metathesis of a new IL [P2].
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3.1 Intact Deposition by PVD of a protic IL on Au(111) [P1]

During the last 15 years, numerous studies of ultra-thin IL films deposited by PVD have been
carried out. However, all studies were limited to aprotic ILs, and studies of protic ILs were
missing until 2021 when the protic IL [dema][TfO] was successfully deposited by PVD for the
first time in vacuo on Au(111) without decomposition. The results are published in paper [P1]

and will be discussed in this chapter.

To proof that chemically intact ultra-thin protic IL films can be produced via PVD,
[dema][TfO] was deposited on Au(111) at 200 K. The thickness was determined by Lambert
Beer’s Law (see Chapter 2.4, coverage determination) to 2.4 nm, which corresponds to 3.6 ML.
All IL-related core level spectra along with their fits in 0° (black) and 80° (red) emission are
shown in Figure 8. The corresponding binding energies (BEs) are summarized in Table 2. For
the [dema]" cation, we observe two distinct signals in the C 1s and one in the N 1s region. The
Caiyl peak at 285.2 eV is assigned to the two alkyl carbon atoms at the end of the ethyl groups,
and the Chetero peak at 286.5 eV is assigned to the three carbon atoms in direct contact with the
nitrogen (hetero) atom. The single N¢ema peak at 402.3 eV is assigned to the ammonium nitrogen
atom.33-% The [TfO] anion displays one peak each in the C 1s, F 1s and O 1s region, and a
doublet in the S 2p region. The Ccr; peak at 292.6 eV and the Fcrs peak at 688.5 eV are assigned
to carbon and fluorine atoms of the trifluoromethyl groups. The spin orbit-split 2p3/2/2p1/2 Sso3
doublet at 168.7/169.6 €V and the Osos peak at 532.3 eV are assigned to the sulphur and oxygen

atoms of the sulfonate group.®*%>

The corresponding quantitative analysis is summarized in Table 2. All signals are
corrected for their cross sections by dividing the signal intensities by their corresponding ASF
factors (see Chapter 2.4, data acquisition) before calculating the individual atom numbers. The
experimental values in 0° (left value, bold) and nominal values (in brackets) show excellent
agreement within the accuracy of our measurements (£10%). This is a strong proof that
[dema][TfO] chemically stays intact during the PVD process and that intact protic IL films can
be prepared in vacuo by PVD. By changing the emission angle to 80°, the measurement
becomes about six times more surface sensitive, and information on enrichment effects can be
gained. For the F Is signal, the atom number is higher than the nominal value (3.5 vs. 3.0),
whereas the O 1s signal is lower than the nominal value (2.7 vs. 3.0) in 80°. This observation is

interpreted as an enrichment effect based on the preferential orientation of the [TfO]™ anion at
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the outer surface with the CF3 groups pointing towards the vacuum and the SO3 groups away

from the vacuum towards the bulk.

Intensity / kcps

536 534 532 530 528 406 404 402 400
Binding Energy / eV

172 170 168 166
Binding Energy / eV
Figure 8: S 2p, C Is, N 1s, Ols and F 1s XP spectra of a 2.4 nm thick [dema][TfO] film

deposited onto Au(111) at 200 K, collected at 0° (black) and 80° (red) emission. At the right
bottom, the molecular structure of diethylmethylammonium trifluoromethanesulfonate

([dema][ TfO]) is shown. Taken from publication [P1].
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For this investigation, a substrate temperature of 200 K was chosen, because the onset
of the multilayer desorption, i.e. evaporation of the [dema][TfO] ions that are not in direct
contact with the metal surface, already starts below RT. Please note, that on the slightly more
reactive Ag(111) surface, [dema][TfO] already undergoes decomposition at the IL/silver
interface below 200 K, see Chapter 3.3.

Table 2: Film composition as determined by XPS in normal emission (0°, top) and grazing
emission (80°, bottom). The bold values (left) corresponds to the 2.4 nm thick film of
[dema][TfO] on Au(111) in Figure 8; the nominal composition in atom numbers are given in
(brackets). Also denoted are the corresponding binding energies. For S 2p doublet the binding
energy (BE) of the S 2p3/2 peak is given; the S 2p12 peak is at 1.18 eV higher BE. Adapted from
publication [P1].

0° Ssos Cers Chetero Caikyl Ndema Oso3 Fcrs
atom number 0.9(1) 0.9(1) 313) 20(2) 12(1) 293) 303)
BE/eV 168.7 292.6 286.5 285.2 402.3 532.3 688.5
80° Ssos Cers Chetero Calkyl Ndema Oso3 Fcrs
atom number 1.0(1) 11(1) 293) 192 09 (1) 273) 35(3)
BE/eV 168.8 292.8 286.7 285.5 402.4 532.4 688.9
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3.2 Growth of ILs on Metal Surfaces [P1, P3, P4]

Wetting is an important requirement for SCILL catalysis in order to ensure that the whole
surface of the catalyst particles is covered by ILs. In this context, the wetting and growth
behaviour was investigated for [dema][TfO] on Au(111) and Ag(111), and [CiCiIm][Tf2N] on
Cu(111) and Pt(111). Increasing amounts of ILs were deposited onto the metallic supports at
different temperatures by PVD, and the support intensities were monitored by ARXPS as a
function of film thickness. The attenuation (/#/Ip) characteristics of the substrate signals in 0°
(closed symbols) and 80° (open symbols) as a function of film thickness are summarized in
Figure 9a-d. Additionally, the exponential decay for ideal 2D growth in 0° (solid line) and the
section-wise linear decrease for layer-by-layer growth in 80° (dashed line) are illustrated; for

more details see Chapter 2.4 Experimental Aspects.

[dema][TfO] on Au(111l) and Ag(111) [P1]: First, the very similar growth of
[dema][TfO] on Au(111) and Ag(111) is discussed. In Figure 9a and b, the attenuation of the
Au 4f and Ag 3d signals is shown for 90 K (only Ag 3d), 200 K and RT. For both surfaces, the
80° data points closely follow the prediction for layer-by-layer growth for all temperatures up
to 0.5 ML. This behavior indicates the formation of a closed wetting layer where the cations
and anions adsorb next to each other. This is attributed to strong attractive interactions of the
ions with the metal. Interestingly at RT, the film thickness does not increase past wetting layer
coverage despite further deposition. This can be explained by the onset of multilayer desorption
that starts already at 292 K.[P1 At 90 and 200 K, the coverage continues to increase upon further
IL deposition. For both temperatures, the 80° data points now slightly fall above the prediction
for layer-by-layer growth. This behavior indicates “moderate” 3D island growth with

comparable flat islands on top of the initial formed wetting layer.

[C1C1lm][Tf2N] on Cu(111) [P3]: For low coverages up to 0.3 ML, where all ions are
in direct contact with the surface, the 80° data points in Figure 9c follow the prediction for
layer-by-layer growth for all temperatures. Again, this indicates that all ions are in direct contact
with the surface. Between 0.3 and 0.5 ML, however, all measured data systematically fall
slightly above, which indicates the onset of “moderate” 3D growth. This could be explained by
the following. Strong interactions of the reactive Cu(111) surface and the IL could induce an
adsorption geometry that is flatter than expected from the bulk molecular volume. As a
consequence, the ions occupy a larger two-dimensional footprint at the IL/metal interface and
hence only the amount of 0.3 ML is required to form a fully closed wetting layer. In this
scenario, between 0.3 and 0.5 ML flat islands start to grow on top of the initially formed closed

15



Id/lp (Au 4f)

Ig/lp (Ag 3d)

wetting layer with 0.3 ML coverage. By further increasing the coverage above 0.5 ML, the 80°

data now falls well above the dashed line indicating more prominent 3D island growth.
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Figure 9: Dependence of the support signals (intensity /s at film thickness d divided by the
intensity of the uncovered surface /y) upon IL deposition as a function of the mean film
thickness derived from the 0° data: (a) [dema][TfO] on Au(111), (b) [dema][TfO] on Ag(111),
(c) [CiCiIm][Tfo2N] on Cu(111), and (d) [C1CiIm][Tfo2N] on Pt(111). Data collected at 0° and
80° are shown as closed and open symbols, respectively. The solid lines indicate ideal 2D
behavior in 0° and the dashed lines indicate layer-by-layer growth in 80°. Measurements were

performed at 90/100 (blue), 180/200 (black) and 275/300 K (red). Adapted from publications
[P1, P3, P4].
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[CiCilm][Tf2N] on Pt(111) [P4]: On Pt(111), the growth of [CiCiIm][Tf:N] is
different to Cu(111). Up to 0.5 ML, the 80° data in Figure 9d follow the prediction for ideal
layer-by-layer growth for all temperatures indicating the formation of a wetting layer with all
ions in contact with the surface. In contrast to the other three systems, the 80° data continuous
to follow the curve for 2D layer-by-layer growth up to ~1.0 ML. This indicates that on top of
the initial formed wetting layer an additional flat 2D layer with 0.5 ML thickness is forming.
By further increasing the coverage, the 80° data now progressively start to fall above the ideal
line indicating “moderate” 3D island growth with comparable flat islands on top of the initial

formed first 2D monolayer (1 ML).

Summary and comparison: In all investigated systems, upon IL deposition, a closed
wetting layer is initially formed where the cations and anions adsorb next to each other. This
behavior is common for ILs on metal surfaces and has been observed for most investigated
systems.* However, the multilayer growth for these systems differ. Multilayers of [dema][ TfO]
on top of the wetting layer (with 0.5 ML coverage) only grow below RT with a “moderate” 3D
behavior; at RT and above, no multilayers are formed in vacuum due to desorption. In
comparison, [CiCiIm][Tf2N] on Cu(111) shows a more prominent 3D behavior on top of the
initial wetting layer (with 0.3 ML coverage), while on Pt(111) the 3D growth only starts on top
of the first initial monolayer (1 ML).
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3.3 Thermal Stability of neat IL Films on reactive Metal Surfaces [P1, P3, P4]

In general, ILs are known to exhibit a high thermal stability.>* However, this behaviour can
deviate when ILs are in direct contact with a reactive metal as it is the case for SCILL catalysis.
Detailed information on decomposition processes at the interface between ILs and reactive
metal surfaces is still scarce since studies in the past were often focused on unreactive
surfaces.*’ In this chapter, the thermal behaviour of the following systems were investigated:
(a) [dema][TfO] on the moderately reactive Ag(111), and [C1CiIm][Tf2N] on the more reactive
(b) Cu(111) and (c) Pt(111). For the three systems, films with 0.5 ML thickness were deposited
on the respective metals; at this coverage (most of) the ions are expected to be in direct contact
with the metal surface. The films were deposited at sample temperatures between 90 and 200 K
where no decomposition of the IL is expected at the metal surface. Subsequently, detailed
isothermal characterizations at these and higher temperatures were performed, and are
discussed in Section 3.3.1. Furthermore, the thermal evolution of these films is discussed in
Section 3.3.2. The ILs were monitored through F 1s and C 1s spectra in 0° emission. For both
ILs, the Fan signal is assigned to the CF3 groups of the anions (note that in case of Cu(111), a
copper auger (LMM) signal occurs in the F 1s region, which is considered in the analysis). For
[C1CiIm][T£2N], the Cca signal is assigned to the five carbon atoms of the imidazolium cation.
For [dema][TfO], the Cca signal is composed of two signals assigned to the different carbon
atoms of the cation (see Chapter 3.1). In the following discussions, the Fa, signal will be treated
as representative for the whole anion and the Cea: signal will be treated as representative for the
whole cation. Further anion and cation signals (not shown) behave qualitatively the same and

are presented in publication [P1], [P3] and [P4].
3.3.1 Isothermal Characterization

In contrast to the most inert Au(111) surface, [dema][TfO] and [C1CiIm][Tf2N] showed thermal
decomposition at the interface with the more reactive metal surfaces investigated here. In this
section, the chemical nature of these processes is addressed. First, the behaviour of 0.5 ML
thick films of the protic IL [dema][TfO] on the moderately reactive Ag(111) is presented in
Figure 10a. Afterwards, 0.5 ML thick films of [C1CiIm][Tf2N] on the more reactive Cu(111)

and Pt(111) surfaces are discussed along with Figure 10b and c, respectively.
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(a) [dema][TfO] on Ag(111) (b) [C,C,Im][Tf,N] on Cu(111) (c) [CC,Im][Tf,N] on Pt(111)
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Figure 10: F 1s and C 1s spectra at selected temperatures of 0.5 ML IL films at 0° emission: (a) [dema][TfO] on Ag(111), (b) [CiCiIm][Tf2N] on Cu(111), and
(c) [C1CiIm][T£2N] on Pt(111). Additionally, the chemical structure of each IL is shown. Adapted from publications [P1, P3, P4].
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(@) [dema][TfO] on Ag(111) [P1]: Thin films of [dema][TfO] were deposited on
Ag(111) at 90 K. The corresponding Fan and Cca: signals shown in Figure 10a exhibit a ratio of
0.6 (= 3:5) which is in perfect agreement with the chemical structure and indicates that at 90 K
[dema][TfO] is stable at the IL/Ag(111) interface. After heating to RT, the Fa, binding energy
shifts by -0.6 eV to lower binding energy. More importantly, the Cca signal drastically decreases
in intensity. Because desorption of isolated cations is not possible due to energetic reasons,®
the substantial intensity loss clearly points towards decomposition of the [dema]" cations at the
IL/Ag(111) interface upon heating to RT. In contrast to the non-reactive Au(111) surface, ™!
the Ag(111) surface could enable deprotonation of the ammonium based cation to form neutral
diethylmethylamine ([dema]®) and a proton (H"). The neutral [dema]® is volatile and
subsequently desorbs from the surface leaving H' and [TfO]" formally as

trifluoromethanesulfonic acid (H[TfO]) behind. The shift of the anion signal to lower binding
energy upon heating to RT thus might indeed be due to the exchange of the cation by a proton.

(b) [C1C1Im][TF2N] on Cu(111) [P3]: In Figure 10b, spectra of [C1CiIm][Tf2N] films
on Cu(111) are shown for selected temperatures. At 200 K, the Fan and the Cea signals are
composed of one peak each with the expected signal intensities. Besides, all remaining anion
and cation signals in publication [P3] (not shown) exhibit the expected signal intensities
corresponding to the nominal stoichiometry of the IL. This strongly indicates that the IL adsorbs
and stays intact at 200 K.

After heating to and measuring at 275 and 300 K, new F*., and C*ca peaks start to grow
(marked in red, with an additional asterisk) at the expense of the original peaks (marked in
grey). The new peaks exhibit pronounced shifts towards lower binding energy, i.e. -0.7 eV for
F*anand -0.6 eV for C*.... However, the total signal intensity stays constant indicating that there
is no desorption of IL-related species from the surface at these temperatures. At 300 K, this
“signal conversion” is even more pronounced, especially in the F 1s region. Based on nc-AFM
measurements in publication [P3] (not shown), we proposed that the unshifted signals
correspond to intact ion pairs on the surface forming differently ordered islands that are denoted
as stripy, hexagonal and honeycomb. The shifted (*) signals are related to decomposed IL

fragments that agglomerate in many smaller disordered islands.

At 360 K, the original unshifted signals have disappeared and only F*,, and C*4 signals
remain. In particular, the remaining F*,, anion signal at 360 K is about half in intensity
compared to the total intensity between 200 and 300 K. The loss of ~50 % total anion signals

between 300 and 360 K is a strong indication for the desorption of anion related decomposition
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fragments. Interestingly, the cation signals evolve independently from the anions. The Ceat
cation signal is (almost) completely converted to the shifted C*ca species upon heating to
360 K. Again, we concluded along the nc-AFM results shown in publication [P3] that the small
disordered islands completely covering the entire surface at 360 K (not shown) are solely
composed of IL related decomposition products. At 500 K, the F*a, signal has completely
vanished and only decomposed sulphur, carbon and nitrogen residuals remain on the Cu(111)

surface (not shown).

Next, the chemical nature of the decomposition products formed at 275/300 K is
discussed. The anion most likely decomposes into small non-volatile fragments such as NHy,
SOy, and CF3 species and the cation eventually reacts to carbonaceous species. As mentioned
above, at 275/300 K the degree of conversion to shifted (*) signals for the cation is smaller than
for the anion. However, for charge neutrality reasons it is expected that the same amount of
cations and anions should decompose. The smaller fraction of shifted C*ca signals could be
explained by some “preliminary” decomposition products having binding energy values still
close to the original peaks at 200 K. Only further decomposition leads to complete conversion

to the “final” decomposition product with distinct lower binding energy at 360 K.

(c) [C1C1Im][TF2N] on Pt(111) [P4]: Finally, films of [C1CiIm][Tf:N] were studied on
a Pt(111) surface at selected temperatures. At 100 and 200 K, the Fa, and the Cea signals display
one peak each and remain nearly unchanged in Figure 10c. Notably, the cation C 1s and N 1s
signals are considerably shifted to lower binding energies as compared to Ag(111) and Cu(111)
due to the strong interaction of imidazolium ring with the Pt surface. These signals and the
remaining anion and cation signals in publication [P4] (not shown) all correspond to the
stoichiometry of the intact IL. This indicates that the IL remains stable on Pt(111) until 200 K,

which is confirmed by STM measurements (not shown) as discussed in [P4].

When the sample is heated to 250 and 300 K, the Fa, intensity reduces by ~15 and
~50 %, respectively. The Cca intensity remains more or less unchanged up to 300 K. Notably,
the binding energies undergo only minor changes for both signals (£0.1 eV). In the following,
an explanation is given for these observations. The IL likely decomposes to similar fragments
as expected on Cu(111), i.e. NHx, SOy, and CF3 species for the anion and carbonaceous species
for the cation. However, the anion decomposition products are volatile and desorb from the
surface at these temperatures leading to the observed intensity decreases. The remaining anion
signal is solely assigned to intact anions. Along the anion decomposition, an equivalent number

of cations also decompose due to charge neutrality reasons. These cation decomposition
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products, however, remain adsorbed at the metal surface; moreover, they exhibit similar binding
energies as the intact cations, which explains the nearly unchanged Cca: peak. These cation-
related decomposition products partly passivate the reactive Pt(111) surface and thus, enable
that ~50 % of'the IL stays intact on passivated surface areas when the sample is heated to 300 K.

This process will be described in more detail in the next chapter.
3.3.2 Thermal evolution

In this section, the thermal evolution of thin IL films is addressed starting with the behaviour
of [dema][TfO] on Ag(111) (Figure 11a), followed by [C1CiIm][Tf2N] on Cu(111) and Pt(111)
(Figure 11b and c¢). IL films with 0.5 ML coverage were deposited at ~100 K on the three
different substrates and were subsequently heated to 600 K with a heating rate of 2 K/min while
simultaneously performing temperature-programmed XPS measurements in 0°. For
[CiCiIm][Tf2N] on Cu(111) and Pt(111), at the end of the heating experiment the sample was
additionally flashed to 800 K, and a last data set was recorded again at 600 K. The evolution of
the F 1s (diamonds, in colour), C 1s (squares, grey) and support (Ag 3d, Cu 2p & Pt 4f: circles,
light grey) signal intensities are shown in Figure 11. For better visualisation, the data points are
superimposed by semi-transparent lines, and the (step-wise decreasing) evolution of the curves
will (occasionally) be described by the inflection points (IPs). A decrease of the Fan and Cea
signals indicates desorption of IL-related species; the support signal is expected to increase

accordingly due to a decrease of surface coverage.

(@) [dema][TfO] on Ag(111) [P1]: First, the thermal evolution of [dema][TfO] on
Ag(111) 1s discussed. The Fan and Ccar signal intensities remain constant between 100 and
~180 K. This indicates that no IL-related species are desorbing from the surface and that the IL
stays chemically intact on Ag(111) in this temperature range. Thereafter, the Ccar signal
decreases to zero in two steps at ~185 K (IP) and ~305 K (IP). This can be explained by the
deprotonation and desorption of the neutral diethylmethylamine ([dema]®) that occurs in two
steps. The formed protons remain next to the [TfO] anions formally forming triflic acid
(H[TfO]) adsorbed at the surface up to room temperature (note that the Fa, intensity stays
constant until a slight decrease by ~15 % at ~215 K (IP), which could indicate a temperature-
induced reorientation of the [TfO] anion). At higher temperatures, the Fa., intensity first
decreases to ~50 % at ~355 K (IP) and then to zero at ~570 K (IP). This behaviour can be
explained as follows. The formed H[TfO] layer partly desorbs at ~355 K (IP) and partly
decomposes to form a fluorine-containing decomposition product which is stable up to ~570 K

(IP). Thereafter, no [dema][TfO]-related species remain on the surface.
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of four for better visualisation. Adapted from publications [P1, P3, P4].

(b) [C1C1Im][TF2N] films on Cu(111) [P3]: For the TPXPS series of [C1CiIm][Tf:N]
on Cu(111), the sum of the anion signals (Fan, sum = Fan + F*an) and the total Ceca, total Signal
(including a residual signal above 400 K) will be discussed; one should remember that for all

anion and cation core levels, starred (*) signals at lower binding energies appear at around
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275 K, which are assigned to decomposition products initially adsorbed next to intact IL ions
as it was thoroughly described in the previous chapter. The Fan, sum intensity stays constant from
100 to ~300 K, indicating that no anion-related species is desorbing in this temperature range.
Above 300 K, the total Fan, sum signal decreases by ~50 % to reach a plateau at around 400 K
(+ 40 K) indicating the desorption of ~50% of anion-related decomposition products; note that
at 360 K, only shifted species are observed in the isothermal measurements and thus, only anion
and cation derived decomposition products are present at around 400 K. By further heating the
sample, the remaining anion-related species desorb until 500 K, as indicated by the
disappearance of the Fan, sum signal. In contrast to the anion signals, the cation signals show
much smaller changes in intensity. The Cea, total intensity initially stays constant until ~300 K
indicating that also all cation-related species remain on the surface in this temperature range.
Thereafter, the intensity slightly decreases by ~15 % to form a plateau with slightly reduced
coverage between ~370 and ~450 K consisting of decomposition products. Finally, it drops to
less than half of its original intensity at 485 K (IP) to form a broad remaining residual peak of

fully decomposed carbon species that are stable even up to 800 K.

() [CiCalm][TF2N] films on Pt(111) [P4]: For thin films of [C1CiIm][Tf:N] on
Pt(111), the Fan and Cca signals are constant between 100 and ~200 K, which indicates that the
IL film stays intact in this temperature window. Thereafter, the Fa, signal starts to decrease by
~60 % until 300 K, indicating the desorption of anion-related decomposition products from the
surface. As pointed out in the previous chapter, the Cca intensity remains unchanged until
300 K. Since cations are also expected to decompose along with the decomposing anions, the
cation-related decomposition products remain on the surface exhibiting binding energy values
close to the remaining intact cations. By further heating the sample, the Fa, anion signal forms
a stable plateau between ~300 and ~375 K indicating that the remaining IL is stable in this
temperature range. We assume that in the course of the ongoing IL decomposition starting from
200 K, the surface becomes more and more passivated by cation related decomposition products
that remain on the surface. When a certain degree of passivation by these products is reached,
further IL decomposition is suppressed, and the Pt surface is covered with intact IL co-adsorbed
to the cation-related decomposition products up to ~375 K. Finally, at ~385 K (IP), the anion
intensity drops rapidly to zero indicating further decomposition and/or desorption of the
remaining IL. At around 400 K, the IL is expected to be fully decomposed since all anion signals
are gone. In contrast to the F 1s intensity, the Cca signal undergoes much less changes. The

intensity decreases in two steps by 10 and further 30 % at ~330 K (IP) and above 450 K,
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respectively. The remaining cation signal is attributed to a residual carbon species that remains

even up to 800 K.

Summary and Comparison: The thermal decomposition of the protic IL [dema][TfO]
on the moderately reactive Ag(111) is governed and initiated by deprotonation of the cation.
Already below 200 K, approximately half of the [dema]" cations deprotonate forming adsorbed
triflic acid (H[TfO]), while the neutral diethylmethylamines ([dema]’) desorb. Between 250 and
350 K, the remaining intact [dema]” cations deprotonate and desorb as neutral amine. The
remaining H[TfO] layer partly desorbs and partly decomposes to form a fluorine-containing
decomposition product that is stable up to much higher temperatures. The thermal behavior of
the aprotic IL [CiCiIm][Tf2N] on Cu(111) and Pt(111) is quite different. On both surfaces, the
IL remains chemically intact up to ~200 K. Starting at around 275 K for Cu(111) and already
at 200 K for Pt(111), the anion likely decomposes to NHx, SOy, and CF3 species that remain on
the Cu(111) surface, but are volatile on Pt(111) and desorb from the surface. The concomitantly
decomposing cations eventually react to carbonaceous species that are stable up to much higher
temperatures. In contrast to Cu(111), the cation-related decomposition products partly passivate
the Pt(111) surface and thus, enable some IL to remain intact at the IL/Pt interface even until

~375 K.
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3.4 On-Surface Metathesis of a new IL [P2]

In this chapter, an alternative synthesis route for ILs is presented as compared to a classical
wet-chemical approach. This novel “on-surface metathesis” could allow one to tackle
challenges existing in the usual synthesis of ILs.> ¥ To study this metathesis — along with
enrichment, ion exchange and selective desorption processes — mixed thin films of [dema][TfO]
and [CsCiIm][PFs] were sequentially deposited on Ag(111) and monitored by temperature-
programmed XPS in 0° and 80°. In Figure 12, the preparation of the mixed film and the changes

with temperature are summarized, and Figure 13 shows the corresponding F 1s and C 1s spectra

in 0 and 80° at selected temperatures.
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Figure 12: Scheme of the evolution of the film composition. Adapted from publication [P2].
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Figure 13: F 1s and C 1s spectra in 0° and 80° emission: | clean Ag(111) at ~90 K, 11 0.5 ML
[dema][TfO] at ~90 K, 111 1 ML [CgCiIm][PF¢] on [dema][TfO] at ~90 K, IV ion exchange
after heating to ~200 K, V desorption of [dema][PFs] after heating to ~300 K, VI desorption of
[CsCiIm][PFs¢] after heating to ~425 K with [CsCiIm][TfO] remaining on Ag(111), VII
complete desorption after heating to ~550K (roman numbers refer to Figure 12). Adapted from

publication [P2].
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In a first step, a wetting layer (i.e. 0.5 ML) of [dema][TfO] was deposited on Ag(111)
at ~90 K. The corresponding XP spectra in Figure 13-II show the Frro signal representative of
the [TfO] anion and the Cca signals (Chetero and Calky1) representative of the [dema]” cation, all
marked in red. The Chetero:Caikyl ratio is 2.8:2.2 in 0°, which is close to the nominal ratio of 3:2
and hence indicates that the IL adsorbs intact at low temperatures. Subsequently, 1 ML of
[CsCiIm][PFs] was deposited on top of the [dema][TfO] wetting layer. The F 1s spectrum in
Figure 13-III now displays an additional Fprs contribution at 687.1 eV (marked in blue)
representative of the [PFs]™ anion. In 80° emission, the Fcrs signal becomes strongly attenuated
and indicates that the post-deposited [CsCilm][PFs] layer covers the initial [dema][TfO]
wetting layer resulting in a frozen, layered system at ~90 K. The Chetero and Caikyl peaks of the
[CsCiIm]" cation have only slightly different binding energies than the peaks of the [dema]”
cation. As a consequence, the C 1s peaks of the two cations cannot be deconvoluted and hence,

the sum of all signals is shown in purple in Figure 13-II1.

As a next step, this layered system was heated from 90 to 550 K and simultaneously
TP-XP spectra in the Ag 3d, F Is and C 1s regions were recorded. The corresponding
quantitative analysis of the Ag 3d substrate signal, the Frro and Fprs signals of the two anions,
and the combined Cca signal (related to all carbon atoms of the two cations) is depicted in
Figure 14a and b for 0° and 80° emission, respectively. For better visualisation the data points
are superimposed by semi-transparent lines and the (step-wise) evolution of the curves will be
described by the inflection points (IPs). A decrease of the Fro, Fprs and Cea signals indicates
desorption of IL-related species; the support signal is expected to increase accordingly due to a

decrease of surface coverage.

In 0°, the Ag 3d (grey circles), Frro (red diamonds), Fprs (blue diamonds) and Cca: (black
triangles) intensities stay constant up to ~200 K, indicating that the total coverage of all ions
stays constant and that no ions are desorbing. In 80°, however, the Fprs signal decreases and
simultaneously, the Frro signal increases starting from ~135 K; both signals reach a plateau
around 200 K (see Figure 13-1V). This indicates that the frozen IL film is melting and the ions
are mixing in this temperature range. Moreover, the [TfO] anions at the IL/Ag(111) interface
are exchanged by [PFs]™ anions and are enriched at the IL/vacuum interface, leading to the
increase and decrease of the Fro and Fprs signals, respectively, in the 80° spectra. Based on a
more detailed analysis in publication [P2], we further concluded that the [TfO] anions are

enriched together with the [CsCiIm]" cations at the IL/vacuum interface. The driving force for

28



IL intensity / kcps

this ion exchange and surface enrichment is likely the lowering in surface tension of the

resulting film.
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Figure 14: TPXPS of [CsCiIm][PF¢]/[dema][TfO] on Ag(111) in (a) 0° and (b) 80°; shown are
the peak intensities related to the [TfO] and [PFs] anions (F 1s, red and blue diamonds,
respectively), the cations (C 1s, black triangles), and the supporting Ag crystal (Ag 3d, grey
circles). C s intensities are multiplied by a factor of two. Adapted from publication [P2].

In the following, the selective desorption steps for three different ion pairs from the
surface upon heating the surface to 550 K are discussed based on the quantitative 0° data; the
80° data evolves qualitatively similar. The Ag 3d signal in 0° shows a small increase at ~235 K
(IP) indicating a coverage decrease. At the same time, the Fprs and the Cca signals decrease,
whereas the Fcrs signal remains constant until much higher temperatures. This behavior
indicates the selective desorption of [PFs] anions together with [dema]” cations from the
surface. Please note, that [CsCiIm][PFs] would desorb at much higher temperatures.’”> ®
Thereafter, only [CsCiIm]" cations remain on the surface between ~260 and ~360 K, and
consequently, the Chetero and Caiky1 signals can be analysed quantitatively. Indeed, a Chetero:Caikyl
ratio of 4.4:7.6 in Figure 13-V is close to the nominal value of 5:7 for [CsCiIm][PF¢], and
further indicates that the [dema]” cations have completely left the surface together with [PFs]
anions. Upon subsequent heating, the Ag 3d signal increases step-like at ~380 K (IP) indicating

a further coverage decrease. The Fprs and Ccat signals decrease accordingly, indicating the

29

Support Intensity / kcps



desorption of [CsCiIlm][PFs] while the Frio signal still stays constant. After the selective
desorption of [dema][PF¢] at ~235 K (IP) and [CsC1Im][PFs] at ~380 K (IP), a new anion/cation
combination of [CsCiIm][TfO] is formed as wetting layer by this on-surface metathesis at the
IL/metal interface: The quantitative analysis of the C 1s spectra in Figure 13-VI at 425 K yields
a Calkyl:Chetero ratio of 7.4:4.6 very close to the nominal value of 7:5. The F 1s region in
Figure 13-VI only shows the Frro signal of the remaining [TfO]" anion. Finally, a stepwise
increase of the Ag 3d signal at ~480 K (IP) indicates the desorption of the remaining
[CsCiIm][TfO] wetting layer. The Frfo, Chetero and Caixy1 signals have completely vanished until
550 K in Figure 13-VII and indicate complete desorption; only in the surface sensitive 80° F 1s

spectrum, a small residual is apparent.

It is important to emphasize that neat films of [dema][TfO] on Ag(111) undergo
significant deprotonation and decomposition already below 200 K (see Chapter 3.3). However,
by applying a second aprotic IL, namely [CsCiIm][PFs], to a [dema][TfO] coating layer,
decomposition can be prevented at the interface until much higher temperatures by evaporating
the labile IL species. Thus, the resulting new IL system might become more suitable for a

SCILL process.
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4. Summary

In the following, the results and conclusions of four publications [P1-P4] contributing to this
this cumulative thesis are summarized. Thin films of ionic liquids (ILs) on high surface area
solid supports are a key technology in a novel catalytic concept, the so-called SCILL (Solid
Catalyst with Ionic Liquid Layer) approach.?-32 Hereby, the performance of the catalyst system
is strongly determined by the properties of the interface formed by the ionic liquid and the solid
catalyst. In this thesis, the properties of this interface were studied on the molecular level in
ultra-high vacuum (UHV) for several model systems based on ultra-thin IL films on model
metal surfaces. In particular, the cleanliness, film growth mode, wetting behaviour, arrangement
of the ions at the interface and thermal stability of thin IL films on defined metal surfaces were
studied by angle-resolved and temperature-programmed X-ray Photoelectron Spectroscopy

(XPS).

Intact Deposition by PVD of a protic IL on Au(111) [P1]: For the first time, a protic
IL was deposited by PVD in vacuo on a (metal) substrate: a multilayer (2.4 nm) thick film of
[dema][TfO] was deposited on Au(111) at 200 K and subsequently analysed quantitatively by
angle-resolved XPS. The stoichiometry as derived from all IL core level signals in 0°
corresponds to the expected nominal values. This observation indicates that [dema][ TfO] stays
chemically intact during the PVD process and that intact IL films can be prepared in vacuum.
The about six times more surface-sensitive 80° measurements indicate preferential orientation
of the [TfO]™ anions at the outer surface with the CF3 groups pointing towards the vacuum and

the SO3 groups away from the vacuum towards the bulk.

Growth of ILs on Metal Surfaces [P1, P3, P4]: Wetting of ILs on solid catalysts is an
important parameter for thin film applications like SCILL catalysis. In this context, the growth
behavior of [dema][TfO] on Au(111) and Ag(111), and of [C1CiIm][Tf2N] on Cu(111) and
Pt(111) was investigated at different temperatures. All investigated systems show a similar
behaviour for low coverages. In the wetting layer regime, the cations and anions initially adsorb
next to each other in direct contact with the metal surface. The behavior changes for higher
coverages to a more or less pronounced 3D island growth for all systems. Notably for
[dema][TfO], the coverage does not increase beyond one wetting layer upon IL deposition at

RT due to the onset of multilayer desorption that starts already below RT.

Thermal Stability of neat IL Films on reactive Metal Surfaces [P1, P3, P4]:

Fundamental knowledge on the thermal stability of ILs in direct contact with metal catalysts is
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important to thoroughly understand SCILL catalysis on the molecular scale. In order to
determine possible decomposition processes at the IL/metal interface, thin films of [dema][TfO]
on the moderately reactive Ag(111) surface, and [C1CiIm][Tf2N] on the more reactive Cu(111)
and Pt(111) surfaces were investigated. The cation of [dema][TfO] on Ag(111) deprotonates
starting already below 200 K. The formed proton is then transferred to the [TfO] anion to form
neutral triflic acid (H[TfO]) that partly desorbs and partly decomposes to form a fluorine-
containing decomposition product that is stable up to much higher temperatures. For
[C1CiIm][Tf2N] on both more reactive surfaces, the anion decomposes to NHx, SOy, and CF3
species starting above 200 K. On Cu(111), the decomposition products remain on the surface
until higher temperatures, while they are volatile on Pt(111) and desorb from the surface. In the
same temperature range, the cation likely decomposes to non-volatile and mainly carbon

containing species on both surfaces.

On-Surface Metathesis of a new IL [P2]: A novel synthesis approach of ILs on
surfaces is presented. Mixed thin films of the protic [dema][TfO] and the aprotic [CsCiIm][PFs]
were sequentially deposited on Ag(111) at 90 K, and monitored by temperature-programmed
XPS. Upon heating, thermally induced phenomena of ion exchange and preferential enrichment
at the interfaces are observed. Furthermore, selective desorption of specific ion pairs leads to

the formation of the new IL [CsCiIm][TfO] by on-surface metathesis at the IL/metal interface.
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5. Kurzfassung der Arbeit

Im Folgenden werden die Ergebnisse von vier Publikationen [P1-P4] zusammengefasst, die zu
dieser kumulativen Arbeit beitragen. Diinne Filme ionischer Fliissigkeiten (engl. ionic liquids,
ILs) auf festen Trigermaterialien mit groBer Oberfliache spielen eine Schliisselrolle in dem
neuartigen katalytischen Konzept SCILL (engl. Solid Catalyst with Ionic Liquid Layer).?=3? In
SCILL wird die Leistung des Katalysatorsystems stark von der Grenzfliche zwischen der
ionischen Fliissigkeit und dem Katalysator (meist metallische Partikel auf Oxidtrégern)
bestimmt. In dieser Arbeit wurden die Eigenschaften dieser Grenzfldche auf molekularer Ebene
im Ultrahochvakuum (UHV) fiir mehrere Modellsysteme mittels ultradiinner IL-Filme auf
Einkristalloberflichen untersucht. Insbesondere wurden die Reinheit, die Art des Film-
wachstums, das Benetzungsverhalten, die Anordnung der Ionen an der Grenzfliche und die
thermische Stabilitdt diinner IL-Filme auf definierten Metalloberflichen mittels
winkelaufgeloster und temperaturprogrammierter Rontgen-Photoelektronen Spektroskopie

(engl. XPS) untersucht.

Intaktes Aufdampfen einer protischen IL auf Au(111) durch PVD [P1]: Zum ersten
Mal wurde eine protische IL durch physikalische Gasphasenabscheidung (engl. physical vapour
deposition, PVD) im Vakuum auf einem (Metall-)Substrat deponiert. Ein Multilagenfilm von
2.4 nm Dicke der IL [dema][TfO] wurde auf Au(111) bei 200 K deponiert und anschlieend
quantitativ mittels winkelaufgeloster XPS analysiert. Die Stochiometrie aller IL-
Rumpfniveausignale in 0° entspricht den erwarteten Nominalwerten. Dies deutet darauf hin,
dass [dema][TfO] wéhrend des Prozesses der PVD chemisch intakt bleibt und dass intakte 1L
Filme im Vakuum hergestellt werden konnen. Die etwa sechsmal oberflachenempfindlicheren
80° Messungen deuten auf eine bevorzugte Ausrichtung des [TfO]” Anions an der dufleren
Oberfldche hin, wobei die CF3 Gruppen zum Vakuum hin und die SO3; Gruppen vom Vakuum

weg in das Innere des IL-Films zeigen.

IL-Wachstumsverhalten —auf  Metalloberflaichen [P1, P3, P4]: Das
Benetzungsverhalten von ILs auf Katalysatoren ist ein wichtiger Parameter fiir
Diinnschichtanwendungen wie der SCILL-Katalyse. In diesem Zusammenhang wurde das
Wachstumsverhalten von [dema][TfO] auf Au(111) und Ag(111) sowie von [C;CiIm][Tf2N]
auf Cu(111) und Pt(111) bei verschiedenen Temperaturen untersucht. Alle untersuchten
Systeme zeigen fiir geringe Bedeckungen ein dhnliches Verhalten. Fiir Filmdicken bis zu einer

ersten Benetzungslage adsorbieren die Kationen und Anionen zunichst nebeneinander in
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direktem Kontakt mit der Metalloberflidche. Bei hoherer Bedeckung tritt bei allen Systemen ein
mehr oder weniger ausgeprigtes 3D-Inselwachstum auf. Bemerkenswert ist, dass fiir
[dema][TfO] bei Raumtemperatur keine Filme hergestellt werden konnen, welche dicker als
eine erste Benetzungslage sind. Dies liegt an dem Einsetzen der Desorption der Multilagen

bereits unterhalb von Raumtemperatur.

Thermische Stabilitat von reinen IL-Filmen auf reaktiven Metalloberflachen [P1,
P3, P4]: Grundlegende Kenntnisse iiber die thermische Stabilitdt von ILs in direktem Kontakt
mit Metallkatalysatoren sind wichtig, um die SCILL-Katalyse auf molekularer Ebene zu
verstehen. Um mogliche Zersetzungsprozesse an der IL/Metall-Grenzfliche zu identifizieren,
wurden diinne Filme von [dema][TfO] auf der weniger reaktiven Ag(111)- sowie
[C1CiIm][Tf2N] auf den reaktiveren Cu(111)- und Pt(111)-Oberflachen untersucht. Das Kation
von [dema][TfO] auf Ag(111) deprotoniert bereits unterhalb von 200 K. Das gebildete Proton
wird letztlich auf das [TfO] Anion {ibertragen. Hierbei wird neutrale Trifluorsulfonsdure
(H[TfO]) gebildet, welche zum Teil desorbiert, zum Teil jedoch zersetzt wird und bis zu
hoheren Temperaturen auf der Oberfldche verbleibt. Im Vergleich dazu zersetzt sich das Anion
von [C1CiIm][Tf2N] auf den beiden reaktiveren Oberflachen ab 200 K zu NHx, SOx und CF3
Fragmenten. Auf Cu(111) bleiben die Zersetzungsprodukte bis zu hoheren Temperaturen auf
der Oberflache, wihrend sie auf Pt(111) unmittelbar von der Oberfldche desorbieren. Parallel
zu den Anionen zersetzen sich im gleichen Temperaturbereich ein Anteil der Kationen auf
beiden Oberfldchen zu nicht fliichtigen und vor allem kohlenstofthaltigen Produkten, die auf

der Oberfliache verbleiben.

Oberflachen-Metathese einer neuen IL [P2]: Hier wird eine neue Methode zur IL-
Synthese auf Oberflachen vorgestellt. Diinne Filme aus der protischen IL [dema][TfO] und der
aprotischen IL [CsCiIm][PFs] wurden nacheinander bei 90 K auf Ag(111) deponiert und
anschliefend mittels temperaturprogrammierter XPS untersucht. Wéahrend des Erhitzens der
Probe lassen sich so thermisch induzierte Phinomene wie lonenaustausch und bevorzugte An-
und Abreicherungseffekte von Ionen verfolgen. Dariiber hinaus desorbieren unterschiedliche
Ionenpaare selektiv, was letztlich zur Bildung der neuen IL [C3C1Im][TfO] durch Metathese an
der IL/Metall-Grenzflache fiihrt.
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ABSTRACT: We have studied the adsorption, wetting, growth, and /“-E b /\3 o

thermal evolution of the protic IL diethylmethylammonium trifluoro- |@ |e
methanesulfonate ([dema][TfO]) on Au(111) and Ag(111). Ultrathin :5(;0@ FS(:’OG v
films were deposited at room temperature (RT) and at 90 K, and were % % I

characterized in situ by angle-resolved X-ray photoelectron spectroscopy.
For both surfaces, we observe that indePendent of temperature, initially, FS,(:»-"?"‘E ,45’(;’0%3 b F5‘<: @ 0 Fi\‘(;oe 0
a closed 2D wetting layer forms. While the film thickness does not ¢*%  |® o7  |® o i

increase past this wetting layer at RT, at 200 K and below, “moderate” I Au(111) | Ag(111)
3D island growth occurs on top of the wetting layer. Upon heating, on
Au(111), the [dema][TfO] multilayers desorb at 292 K, leaving an
intact [dema][TfO] wetting layer, which desorbs intact at 348 K. The behavior on Ag(111) is much more complex. Upon heating
[dema][TfO] deposited at 90 K, the [dema]" cations deprotonate in two steps at 185 and 305 K, yielding H[TfO] and volatile
[dema]®. At 355 K, the formed H[TfO] wetting layer partly desorbs (~50%) and partly decomposes to form an F-containing surface

-0

species, which is stable up to 570 K.

B INTRODUCTION

Ionic liquids (ILs) are salts that are composed of poorly
coordinating ions and thus exhibit melting points typically well
below 100 °C. An interesting, but hitherto not much studied
subset of ILs are protic ionic liquids (PILs), which are
prepared through the stoichiometric neutralization of a strong
Bronsted acid with a strong Bronsted base.' This simple
synthetic pathway makes them much cheaper than aprotic
ionic liquids (AIL) and hence suitable for large-scale
commercial applications.z’3 One further key feature, in contrast
to AlLs, is the proton availability for transfer reactions due to
the presence of proton donor/proton acceptor sites. This
property also allows for the formation of extensive hydrogen
bond networks® and makes PILs promising candidates as
electrolytes in fuel cells and in catalysis.”*~' The PIL
addressed in the present investigation, diethylmethylammo-
nium trifluoromethanesulfonate, [dema][TfO] (Figure 1), e.g.,
enables reliable O, reduction conditions due to its high and
stable open-circuit potential combined with a wide liquid
temperature range and high thermal stability."’

As fuel cells and catalysts usually are operated at elevated
temperature, high thermal stability of the PIL at the interface
of the electrode and catalyst material is of upmost
interest.”~”'% In the present work, we characterize in detail
the interface formed by [dema][TfO] with Au(111) and
Ag(111) as model metal substrates. We investigated the
temperature dependent stability of the PIL on both substrates.

© 2021 The Authors. Published by
American Chemical Society

7 ACS Publications

On gold, the PIL remains intact; however, on silver, it
deprotonates and partially decomposes. For future applica-
tions, these differences show the importance of choosing
suitable PIL and electrode/catalyst material combinations.
Information on the adsorption, wetting, and growth of PILs
on solid substrates also is highly relevant for applications like
nanofabrication. On the basis of the very low vapor pressure of
ILs in general,'"”'” stable nanodroplets of PILs on solid
supports have recently been used for templating nanostruc-
tures.””'* This is not possible with conventional molecular
liquids due to their typically finite vapor pressure.'*
Fundamental knowledge on the PIL/solid interaction and
wetting characteristics is essential for understanding and
tailoring the formation of such nanodroplets, and for
rationalizing the sometimes unexpected interfacial properties
of PILs.’ Other interesting applications are heterogeneous
metal catalysis using PILs,">' batteries with PIL electro-
lyte,"”"® biomass processing with PILs,'”*" hydrogen storage

Received: July 8, 2021
Published: September 27, 2021

https://doi.org/10.1021/acs.langmuir.1c01823
Langmuir 2021, 37, 11552—-11560


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Stephen+Massicot"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tomoya+Sasaki"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Matthias+Lexow"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sunghwan+Shin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Florian+Maier"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Susumu+Kuwabata"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hans-Peter+Steinru%CC%88ck"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hans-Peter+Steinru%CC%88ck"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.langmuir.1c01823&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.1c01823?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.1c01823?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.1c01823?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.1c01823?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.1c01823?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/langd5/37/39?ref=pdf
https://pubs.acs.org/toc/langd5/37/39?ref=pdf
https://pubs.acs.org/toc/langd5/37/39?ref=pdf
https://pubs.acs.org/toc/langd5/37/39?ref=pdf
pubs.acs.org/Langmuir?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.langmuir.1c01823?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/Langmuir?ref=pdf
https://pubs.acs.org/Langmuir?ref=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://acsopenscience.org/open-access/licensing-options/

Langmuir

pubs.acs.org/Langmuir

8
F 1s 80° C1s 80°

20

i\

Catl(yl

=]

A

Cis0°

101 F1s0°

Chetero

Fers

Cers

0.
206 204 202 200 288 286 284 282

692 690 688

0 1s 80° N 1s 80°

-
W

-
o

N1s0° Nﬂbmﬂ

Intensity / keps
wn

536 534 404 402 400

Binding Energy / eV

S 2p 80°

11:"2

170 168
Binding Energy / eV

166

Figure 1. F 1s, C 1s, O 1s, N 1s, and S 2p XP spectra of a
macroscopic film of [dema][TfO] on a Ag foil at RT, collected at 0°
(black) and 80° (red) emission. At the right bottom, the molecular
structure of diethylmethylammonium trifluoromethanesulfonate,

[dema][TfO], is shown.

in palladium in PIL electrolyte,”’ and metal nanoparticle
synthesis in PILs.”*"*’

The goal of this study thus is the detailed characterization of
the PIL/support interface. Such information is presently not
available. In the past, we already acquired extensive knowledge
on interfacial characteristics of ultrathin AIL films on single
crystal surfaces under well-defined ultrahigh vacuum (UHV)
conditions (see, e.g., recent comprehensive review by Lexow et
al.*®). This paper is to the best of our knowledge the first work
addressing ultrathin PIL films under similar conditions.

We have chosen the above-mentioned PIL [dema][TfO]
due to its melting point below RT (260—267 K),>" its high
thermal stability (decomposition at ~630 K),”'* and its
equilibrium very far on the ionic side (ApK, well above
17%7%). Moreover, the electronic structure of macroscopic
samples of [dema][TfO] has alreadgf been studied by X-ray
photoelectron spectroscopy (XPS),**~* proving the stability

of this PIL under UHV and serving as references for our
analysis.

We investigate ultrathin films of [dema][TfO] from
submonolayer coverage up to several nanometer thickness,
which are deposited by physical vapor deposition (PVD) on
Ag(111) and Au(111) at temperatures between 90 and 300 K;
PVD allows for the preparation of ultraclean IL films of
variable thickness under ultrahigh vacuum conditions.”*** The
experiments are performed by angle-resolved X-ray photo-
electron spectroscopy (ARXPS). By measuring different
electron emission angles of 0° and 80° with respect to the
surface normal, we can tune our measurements from bulk-
sensitive to surface-sensitive, respectively. Using Al Ka
radiation, the information depth (ID) at 0° is 7—9 nm,
depending on the kinetic energy. At 80°, the ID is 1—1.5 nm,
which means that only the outermost surface layers are probed.
For bulk ILs, ARXPS thus allows for extracting information on
molecular orientation and enrichment effects at the IL/vacuum
interface, and for ultrathin IL films, it provides access to the
initial adsorption steps, molecular orientation, film growth, and
decomposition effects.”* The two noble metal substrates
Ag(111) and Au(111) were selected due to their overall low
reactivity in general and with ultrathin AIL films in particular.
For both, no reactions with metal atoms or reconstruction
effects upon AIL deposition were found in previous
studies.”®” Nevertheless, Ag is known to be more reactive
than Au, e.g, it acts as heterogeneous catalgfst for activating
molecular oxygen in coupling reactions.”®’ By covering
temperatures up to 600 K, we also address the desorption of
[dema][TfO] multilayers and wetting layers with a focus on
adsorption strength, film stability, and thermal decomposition.
ARXPS data collected from macroscopic [dema][TfO]
samples are used as reference for our thin film studies. This
work provides the beginning for PIL/metal interface
investigations on the molecular level and will serve as a basis
for studies on more reactive PIL/support combinations.

B RESULTS AND DISCUSSION

Macroscopic [dema][TfO] Film. We start with addressing
a macroscopic [dema][TfO] film with around 0.1 mm
thickness that was prepared ex situ by spreading the PIL on
a polycrystalline Ag foil. At this film thickness, no influence of
the substrate is expected. The corresponding ARXP spectra,
taken at room temperature (RT), allow for verifying the purity
of the PIL and serve as a reference system for comparison with
the ultrathin films studied below.

Figure 1 shows F 1s, C 1s, O 1s, N 1s, and S 2p spectra for
emission angles of 0° (normal emission, black) and 80°
(grazing emission, red) along with their fits (for details, see the
Experimental Section). The [dema]® cation displays two

Table 1. Film Composition as Determined from by XPS in Normal Emission (0°, top) and Grazing Emission (80°, bottom)“

0° Ccrs Chetero Caiiyl
atom number 0.9 /0.9 (1) 3.1 /3.1 (3) 2.1 /2.0 (2)
BE/eV 293.0/292.5 286.9/286.6 285.6/ 285.3

80° Ccrs Chetero Canigt
atom number 1.0 /1.0 (1) 3.2 /31 (3) 2.1 /1.9 (2)
BE/eV 293.1/292.5 287.0/286.5 285.8/285.2

Ndema FCF3 0503 SSOS
0.9 /1.1 (1) 3.2 /3.0 (3) 3.0 /3.0 (3) 0.9 /1.0 (1)
402.5/402.2 689.1/ 688.5 532.6/ 532.0 168.9/168.4
Ndema l:CF3 0803 SSO3
0.9 /1.0 (1) 3.2 /3.3 (3) 2.6 /2.7 (3) 1.0 /1.1 (1)
402.6/ 402.2 689.2/ 688.5 532.8/ 532.0 169.1 / 168.4

“Also denoted are the corresponding binding energies. The bold values (left) corresponds to a 2.6 nm thick film of [dema][TfO] on Ag(111) at 90
K prepared by PVD, the italic values (right) to a macroscopic droplet of ~0.1 mm thickness at RT; the nominal composition in atom numbers are
given in (brackets). For S 2p, the binding energy (BE) of the S 2p;/, peak is given; the S 2p,/, peak is at 1.18 eV higher BE.
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distinct signals in the C 1s and one in the N Is region. The
Chetero Peak at 286.6 eV binding energy (BE) is assigned to the
three carbon atoms in direct contact with the nitrogen
(hetero) atom and the Cyy peak at 285.3 eV is assigned to
the two alkyl carbon atoms at the end of the ethyl groups. The
Caligi:Chetero ratio of 3.1:2.0 at 0° emission is in excellent
agreement with the nominal ratio of 3:2. The single Ny, peak
at 402.2 eV corresponds to the ammonium nitrogen
atom.>*™>? For the [TfO]~ anion, we observe one peak each
in the C 1s, F 1s, and O 1s region. The Ccg; peak at 292.5 eV
and the Fcp; peak at 688.5 eV are assigned to carbon and
fluorine atoms of the trifluoromethyl group, and the Ogo; peak
at 532.0 eV and the spin orbit-split 2p3/,/2p;, Sso3 doublet at
168.4/169.6 eV are assi§ned to the oxygen and sulfur atoms of
the sulfonate group.”’™>*

The quantitative analysis of the XP spectra of the
macroscopic [dema][TfO] film is summarized in Table 1.
For the bulk-sensitive spectra at 0°, the measured atom
numbers obtained from the intensities of the different peaks
(right value, italics) show excellent agreement with the
nominal values (in brackets), within the accuracy of our
measurements (15%). For the ~6X more surface-sensitive
spectra at 80°, the F 1s signal is higher than the nominal value
(3.3 vs. 3.0), whereas the O 1s signal is lower than the nominal
value (2.7 vs 3.0). We interpret this observation as an
enrichment effect based on preferential orientation of the
[TfO]™ anion at the outer surface with the CF; groups
pointing toward the vacuum and the SO; groups toward the
bulk.® A similar preferential enrichment at the IL/vacuum
interface was reported also for AILs with CF;-containing
anions such as bis[(trifluoromethyl)sulfonyl]imide'*** and
cations like 3-methyl-1-(3,3,4,4,4-pentafluorobutyl)-
imidazolium,'>***

As will be demonstrated in the following sections, multilayer
desorption, that is, evaporation of the [dema][TfO] film
already starts around 290 K, which indicates that macroscopic
films are not fully stable at RT under UHV conditions.
Notably, the evaporation temperature of this protic IL is lower
than those of aprotic ILs (e.g,, 345 K for [C,C,Im][T£,N] on
Ag(111) — for an overview see Lexow et al.*®), which we have
studied in the past. Since the desorption rate of [dema][TfO]
at RT is still very low, macroscopically thick films effectively
provide a seemingly infinite reservoir on the time scale of film
preparation and measurement. For ultrathin films of few
multilayers thickness, however, the situation is quite different,
as will be discussed below.

Growth of Ultrathin [dema][TfO] Films on Ag(111)
and Au(111). To study the adsorption and growth of
[dema][TfO], increasing amounts of the PIL were deposited
onto clean Ag(111) and Au(111) surfaces by PVD, with
sample temperatures of 90 K, 200 K and RT. After each
experiment, the crystal surfaces were cleaned by heating above
500 K (leading to thermal desorption), Ar* sputtering, and
annealing.

In Table 1, we summarize the quantitative analysis of a 2.6
nm thick film of [dema][TfO] deposited and measured on
Ag(111) at 90 K; the corresponding spectra are shown in the
SI, Figure S1. The composition values for this film as derived
from the 0° and 80° ARXP spectra (left values in bold) show
within the accuracy of our measurements (+10% for the
ultrathin films, due to the low intensity of the IL signals and
uncertainties in background subtraction) the same composi-
tion as that described above for the macroscopic film (italic

numbers). This clearly indicates that [dema][TfO] films can
be prepared on Ag(111) by PVD in UHV without
decomposition during evaporation and remain intact on the
surface at low temperatures. The same holds true for
[dema][TfO] films on Au(111) (see Figure S2 in the SI for
a 2.4 nm film deposited at 200 K).

The film growth behavior can be deduced from the
attenuation of the substrate signal as a function of the amount
of deposited IL, using our previously established approach (for
details see refs.”*>**"). For perfect 2D growth, the Ag or Au
signals decrease exponentially from the value I, for the clean
surface to the value I; for a 2D layer with thickness d,
according to I,/I, = exp(—d/(A-cos 9)), with 9 being the
electron emission angle relative to surface normal. For the
inelastic mean free path A of Ag 3d electrons (kinetic energy:
~1100 eV), we employ 2.5 nm,”>*' for Au 4f electrons (kinetic
energy: ~1400 eV), we use 3.0 nm.?*

In our analysis, we first determine the mean film thickness d
from the I;/I, ratio at 0° by assuming perfect 2D growth. In
the next step, the I,/I, ratio for this thickness at 80° is
calculated, and the experimentally measured ratio is then
compared to this calculated value. Agreement between the two
values indicates 2D growth, and an experimental 80° value
larger than the calculated one indicates a 3D morphology of
the IL film.”® The height h of a monolayer (1 ML) of
[dema][TfO] is estimated in agreement with previous
publications:**** a closed film of 1 ML coverage corresponds
to a bilayer of cations and anions irrespective of their relative
arrangement. On the basis of the molar volume of bulk
[dema][TfO] (183.6 cm®/mol),*® a closed 1 ML film has a
height h = 0.67 nm. On the other hand, a closed single layer of
ions adsorbed next to each other, with 0.5 ML coverage, has
half of this height, that is, 0.34 nm. Such a film is denoted as
“wetting layer” (WL) in the following,

In Figure 2a, we plot the attenuation of the Ag 3d signal at
0° and 80° emission as a function of the [dema][TfO] film
thickness at 90 K (blue), 200 K (red), and RT (black). The
solid and dashed lines indicate the behavior for perfect 2D
growth at 0° and 80°, respectively. Up to about 0.34 nm (or
0.5 ML coverage), the 80° data closely follows the prediction
for 2D growth for all temperatures. This behavior indicates the
formation of a closed wetting layer where the anions and
cations adsorb next to each other alternatingly, that is, in a
checkerboard-like structure with a saturation coverage of 0.5
ML. This adsorption behavior with both ions in direct contact
with the metal surface was also observed for most AlLs on
metal surfaces so far.””

Interestingly, at RT, the film thickness does not increase past
wetting layer coverage. This behavior is attributed to the ons