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1. Introduction

Ionic liquids (ILs) are a diverse and fascinating class of materials. As salts with comparably
low melting points — often even below room temperature (RT) — they combine typically very
low vapor pressures with a large number of tunable chemical and physicochemical properties,
depending on the numerous possible pairings of cations and anions.'” One of the most
successful applications involving bulk amounts of ILs is the BASIL™ process for the
production of alkoxyphenylphosphines.'*'> The continuously growing interest in interfaces of
IL systems goes in line with increasing realization of the incredible potential of task-specific

ILs. The importance of IL interfaces becomes even more apparent for interface-controlled

20-22 4, 19, 23-29

. . . 4. 16-1 . . . .
applications as e.g. in sensors,” '*'’ lubrication, separation, electrochemis-

4,19, 30-46
try

for catalysis. Thin IL films on high surface area solid supports are the key ingredient to highly
effective SCILL™ (Solid Catalyst with Ionic Liquid Layer) and SILP* 2 (Supported Ionic

and electronics*’™ technologies. ILs further stimulated completely new concepts

1, 4, 50-64

Liquid Phase) catalysis. The groundbreaking discovery in SCILL, for example, was

the ability of the IL phase to make the reactive sites of a heterogeneous catalyst more resistant

50, 65-66
’ Th

towards poisoning while simultaneously increasing the reactivity and selectivity. e

examples of pioneering work and substantial reviews in Figure 1 highlight the fundamental
interest in liquid/solid and liquid/gas interfaces and how for all of the applications mentioned

above, the function, performance and stability of the respective system is very sensitive

11, 64, 67-71

towards the interface properties of the IL films. The low vapor pressure and excellent

thermal stability of many ILs enable not only their use under extreme conditions, but also

their investigation in ultra-high vacuum (UHV) under well-defined conditions with atomic

72

11 .. . . . .
level accuracy, * “ coining the term “lonic Liquid Surface Science” as a pivotal sub-

discipline of IL research'' and initiating a new age for the spectroscopic investigation of

liquid surfaces in general.'- %7

Porphyrins are an equally diverse and fascinating class of materials. Mimicking their

vital role in numerous biological catalytic reactions and transport mechanisms, *”>

porphyrins
also stimulated particular interest for technical applications.”®™ They offer great functional
diversity through a vast degree of freedom concerning the variation of the substituents at the
periphery of the tetrapyrrole core of the molecule.* Knowledge and control of the formation
and structure of self-assembled porphyrin adlayers on the surfaces of solid supports are
essential for the synthesis of custom-tailored environments and catalysts.’®”" % 8%7

Prototypical porphyrin/IL composite systems offer synergies between the two molecular



classes in, for example, catalysis®® and dye-sensitized solar cell’’™* technologies. So far, the

84

potential of these pioneering works has only been touched at the surface.” In such

applications, again, the function, performance and stability of the organic thin films are

strongly determined by the properties of the interface to the support. '+ ¢4 67-71. 84

ﬁundamental Interest: \ /Catalysis (e.g. SCILL): \

Liquid/Solid Interface Reactants

Liquid/Gas Interface Support

Products

[Smith et al., Chem. Commun. 2005, 5633.] [Mehnert et al., J. Amer. Chem. Soc. 2002, 124, 12932.]

[Steinrlick, Surf. Sci. 2010, 604, 481.] [Kernchen et al., Chem. Eng. Technol. 2007, 8, 985.]
Wﬂ'}ck, Phys. Chem. Chem. Phys. 2012, 14, 49& Wrﬂck, Wasserscheid, Catal. Lett. 2015, 7, SBOy
ﬂubrication: \ ﬁlectrochemistry: \

Solid A

Solid B .

[Zhou et al., Chem. Soc. Rev. 2009, 38, 2590.] [Hapiot, Lagrost, Chem. Rev. 2008, 108, 2238.]

@per et al,, ACS Sust. Chem. Eng. 2017, 5, 1173y @aster, Compton, Z. Phy. Chem. 20086, 220, 1247.]/

Figure 1: Examples of pioneering work and substantial reviews, highlighting the fundamental
interest in liquid/solid and liquid/gas interfaces in general®” " and the relevance of IL
interfaces for applications.'" 202" 3%20- 8890 The function, performance and stability of the ap-
plied systems strongly rely on the interface properties.'" * 77!

IL/solid interfaces buried under macroscopically thick IL films are generally not ac-
cessible by most of the sophisticated UHV surface science methods."' After the first report of
the successful distillation of ILs at reduced pressure without decomposition,’' the first use of

physical vapor deposition (PVD) of ILs in 2008°*

combined with angle-resolved X-ray
photoelectron spectroscopy (ARXPS) led the way to establishing powerful new methods for
the investigation of the properties of IL/solid and IL/vacuum interfaces like wetting behavior
and IL film growth with molecular resolution under well-controlled and clean conditions for
coverages ranging from less than a monolayer to several rnultilayers.”’ 69. 93102 \within this

thickness range, the limited information depth of highly surface sensitive methods — as for

example XPS — is large enough for a detailed characterization of IL/solid interfaces."'



Based on previous studies of ultrathin IL films on metal surfaces, this thesis systema-
tically looks to answer how the IL/solid interface forms, how the ions arrange at the inter-
faces, what the initial stages of thin film growth are, whether the film morphology can change
over time and how stable the ultrathin IL films are at elevated temperatures.®* 1% Further
extending the scope by looking at mixtures of ILs — instead of using one IL comprised of one
type of cation and anion — on metal surfaces promises an even larger parameter space for tar-
geted applications of ultrathin IL films'®* and raises a whole new set of fundamental questions
specifically for mixed thin films: Are there effects of preferential adsorption, segregation and
enrichment? What is the structure and composition at the IL/support and IL/vacuum inter-
faces? How do these phenomena relate to varying combinations of ions and how do they

. 104-105
evolve with temperature?

This thesis sheds light on the questions raised above, on the example of a set of
selected ILs (Table 1) and single-crystalline Ag(111) and Au(111) surfaces. For the first time,
mixed ultrathin IL films were prepared by sequential PVD of two different ILs on the metal
surfaces — the evaporators were built in the course of the experiments and optimized specifi-
cally for the evaporation of ILs. The films were analyzed by ARXPS with Al Ka radiation at
emission angles of 0° and 80°. The information depth at 0° is 7-9 nm (depending on the kine-
tic energy) and only 1-1.5 nm at 80°. Thus, in the latter case, the experiment is about six
times more surface sensitive and mainly the topmost surface layer is probed (for details see

Chapter 2.2).

As the experimental results blend very well into recent and potential future studies, the
presentation of IL thin film growth in Chapter 3.1 involves a thorough discussion of
complimentary results from literature. Chapter 3.2 deals with a special case of time-dependent
behavior of IL film morphology immediately after PVD. The growth and desorption behavior
of the porphyrin 2H-TPP (see Table 1) is the topic of Chapter 3.3. Just as in Chapter 3.1, the
results of thermal stability of ultrathin IL films in Chapter 3.4 find close correlation to
previous studies, however extending the scope by examples of selective desorption from
mixed thin films. In Chapter 3.5, the exchange of anions and cations at the IL/Ag(111) inter-
face of mixed thin films and the resulting interface compositions will be discussed, before a
detailed analysis of the interaction of co-adsorbed porphyrins with ILs on metal surfaces in
Chapter 3.6 sets the ground for potential future studies of porphyrins at the interfaces of thin
IL films.






2. Materials and Methods

2.1 Materials

2.1.1 Chemicals
The compounds used in this thesis are summarized in Table 1 along with selected properties
that are essential to this work. 3-Methyl-1-octylimidazolium hexafluorophosphate,
[CsCiIm][PF¢], was purchased from Sigma-Aldrich (purity > 95%). 1,3-Dimethylimidazolium
bis[(trifluoromethyl)sulfonyl]imide, [C;C{Im][Tf,N], and 1-methyl-3-octylimidazolium
bis[(trifluoromethyl)sulfonyl]imide, [CsC;Im][Tf,N], were synthesized under ultrapure con-
ditions by Dr. Nicola Taccardi according to previous publications.'*® 3-Methyl-1-(3,3,4,4,4-
pentafluorobutyl)imidazolium hexafluorophosphate, [PFBMIm][PFs], was prepared by
Dr. Gabriel Partl as described in the corresponding publication.'®® 5,10,15,20-Tetraphenyl-
porphyrin, 2H-TPP, was purchased from Porphyrin Systems (purity 98%). The ILs and 2H-
TPP were carefully degassed in UHV at elevated temperature prior to the deposition experi-
ments. Table 1 also shows a selection of other ILs that were not studied here, but will be

mentioned in the discussion.

For comparing the thin film results with bulk mixtures, bulk amounts of IL mixtures

were prepared with varying composition using acetonitrile (Sigma-Aldrich, purity 99.8%) as

104-105, 107

co-solvent to ensure proper mixing of the respective ILs. The IL mixtures were

spread as macroscopic films (about 0.1 mm thickness) on polycrystalline Ag foil. For
ARXPS, each sample was only introduced into the vacuum chamber after careful degassing of

the liquid film in the chamber’s load lock.'04-109



Table 1: Names, molecular structures and further details of the compounds discussed in this thesis. The compounds shaded in gray were used for the
experimental part.

Molecular structure Glass transition®  Melting point® Surf:a ce Density Molecular Mon’ola);er
Short name tension 3 volume height
and IUPAC name T,/ K T,/ K p/glem 3
& " o / mN/m V., / mm h/nm
e
FaC CF
SN ’ ;s/N\S< ’ 1.5545109
[C,CIm][T£,N] 2 o6 & - 295'%299'% 36.3% L sgts 0.400" 0.73%4 92105110
1,3-dimethylimidazolium '
bis[(trifluoromethyl)sulfonyl]imide
© 25214 254! 1.516'>
~ /§ PN F3C\S/N\S/CF3 178111 180112 255109,112 326::12 1 Slgf,ll‘)
NN . :
LCiIm][Tt, > o Jo 181'7186'% 256'" 257" 35 o 151081 04281 0.75
[CoCiIm][T£:N] \2 :
1-ethyl-3-methylimidazolium 195" 263'1°270!% 352 1.5225%
is[(tri imi 257-271'"7 416 1.5248110
bis[(trifluoromethyl)sulfonyl]imide .
© 2482 267" 1.4352 118
FC N_ CFs 169%181'* 15 £8 8
\N/(§N/V\ MR 182'% 268103 125 30'7f113 1'435“14 £8 98
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1-butyl-3-methylimidazolium 187113 2701‘1)3 126 . 37.5% 1.4331155 "
bis[(trifluoromethyl)sulfonyl]imide 2717272 1.44>
S}
FsC. N CFs 17117 1.3158125.129
\N/(§N/\/\/\/\ ;/ \/ \/ ( 187125127 29.5%8 1 325114128 0.598¢
[CsCilm][THN] — 0o do 189114 250-264""7 30.2?2‘128 13295109 0.60?8 0.8474 103104
3-methyl-1-octylimidazolium 19310 30.4 1 '3 25123 0.62
bis[(trifluoromethyl)sulfonyl]imide '
NN NN NN ) ” 1-00£2,131
N SN .
[C5C,Im]CI ° c 186> 191130 gg'gﬁz 1.009" 0.3805%¢ 0.72'%
3-methyl-1-octylimidazolium chloride ’ 1.01°




Table 1 continued.

Molecular structure Glass transition®  Melting point” Surf:a ce Density Molecular Mon‘ola)lf]er
Short name and TUPAC name T./K T 1K tension / o/em’ volume height
& " o / mN/m pe V,, / nm’ h/nm
\N&NA FaC\S/Oe
g 7\ 112 112 108 37.8f’118 1.388g’133 133 101
[C,C{Im][TO] 00 175 2587264 4445122 1395118 0.311#% 0.68
1-ethyl-3-methylimidazolium ' ’
trifluoromethanesulfonate
F
NN /\/Cz\ Fo I\:@F
NN CF, Pl
[PFBMIm][PF] = F - 339'% 0.360™'% 0.71'%
3-methyl-1-(3,3,4,4,4-pentafluorobutyl)-
imidazolium hexafluorophosphate
F
SN FLIGF 124 2 £,131
N ® N Pl 189 193 130 113 £122 1.31° e
\—/ FoLF 114, 126 212 284 47.9"% £2, 135 0.345
[C4C11m][PF6] F 196 115 2,126 £2 1360 £,135 070
1-butyl-3-methylimidazolium 197'% 212" 28277283 48.8 1.368%1 0.347
hexafluorophosphate
F
NN FLIOF 1.19“31 £8
NeoN P 2 104124 £8 £2,123, 135 0.458>
2 F7IF ; 2 1bkh
[CsCIm][PFq] =/ F ;g; 24 203" gz'gﬂz };g 518 0.46° 07784 104105
3-methyl-1-octylimidazolium ' gl 0.461%1%
1.237>
hexafluorophosphate
F
SNENTTS e 1762 178'% 1127
[C4CIm][BF,] = F 182'*188'" 19213031 46.6% 1.205'" 0.312" 0.68
1-butyl-3-methylimidazolium 190'% 19213 1.26!
tetrafluoroborate
N [‘: 1.08f’6’ 131
NN 2P 135 £,138
° ‘ 136 1 92 131 130 £8 1.091f8 0.424f8 0.75
[CsCIm][BF,] F 190" 193 193 30.8" 1.099~ 0.426" 065138
3-methyl-1-octylimidazolium 1.104"138 0.43%6- 13 ‘

tetrafluoroborate

1 105ﬁ123, 139




Table 1 continued.

Molecular structure Glass transition®  Melting point® Surf? ce Density Molecular Mon.ola)lf)er
Short name and IUPAC name T./K T 7K tension / o/em’ volume height
& " o / mN/m ple V,, / nm’ h/nm
C]
CF
| FsC. N_ T3 140 Hc g1l
N S S 140 2527 255 123 £38
cermmen LN @ R }gém, » 2621 264113 32358 }'239&&5394 0.503" 0.80
N-butyl-N-methylpyrrolidinium 267" ’
bis[(trifluoromethyl)sulfonyl]imide
FF
F>H/F F
,\f FUIQF | _F
S N Fo OP
‘ F 141 141 g 141 123 123
[C4CPyrr][FAP] FILFLF 157 277 38 1.59 0.613 0.85
FOLoF
N-butyl-N-methylpyrrolidinium
tris(pentafluoroethyl)trifluorophosphate
2H-TPP - - 1.27314%143 0.34°%
5,10,15,20-tetraphenylporphyrin
a: Can depend strongly on heating rate, thermal history (e.g. cooling rate) or water content,* % 17 119:127.129.190 g e stydies suggest different temperatures for melting of

Qe e g

. : 144-14
organized domains at and below monolayer coverage on metal surfaces’ 6

For details on the calculation of h, see Chapter 2.5;
Value determined experimentally;

Based on literature data;'*®

Based on literature data;'*’

At 298 K;

At 293 K.

and even for multilayers;

92,138



2.1.2 Metal Single Crystals
The round Ag(111) and Au(111) single crystals with a diameter of 15 mm and a thickness of
2 mm were purchased from MaTecK with a purity of 99.999 % and one side polished and
aligned to the (111) plane with an accuracy better than 0.1°. The crystals were mounted to Mo
sample holders and fixed with Ta wire, see Figure 2. For temperature measurement, type K
thermocouples were contacted and stuck into a pinhole (@ = 0.3 mm) at the side of the crystal
(see also technical drawing in the Appendix). Surface preparation was done in UHV by
sputtering with 600 eV Ar" ions followed by annealing at 800 K. The sample cleanliness and
long range order were checked by XPS and low energy electron diffraction (LEED),

- 103-105
respectively.

Figure 2: Photograph of the Au(111) single crystal mounted on a Mo sample plate. A techni-
cal drawing of the Ag(111) and Au(111) crystals is provided in the Appendix.

Ag(111) and Au(111) show low reactivity towards the ILs and 2H-TPP, and no
changes in the atomic structure of these surfaces were reported upon deposition.®> ' '*¥ In
addition to the excellent suitability as model systems, Ag and Au in the form of Ag/Au alloys
could be relevant for future applications in SCILL'® where Ag activates molecular oxygen in

. . . 149-1
oxygen-assisted coupling reactions.'*'>°

2.2 Angle-Resolved X-Ray Photoelectron Spectroscopy (ARXPS)
X-ray photoelectron spectroscopy (XPS) is the main method applied throughout this thesis.

As sketched in Figure 3, XPS is based on the photoelectric effect,'>''*

that is, the emission of
electrons from matter upon interaction with electromagnetic radiation. These so-called
photoelectrons have kinetic energies Ey;, that correlate directly to the energy (hv) of the
incident photons and the binding energy E}, of the electrons occupying the various core levels

of the elements present in a given sample:
Exin = hv — (Ep + d)sp) (1)

9



The work function @, of the spectrometer is typically considered by calibrating the

spectrometer to the Fermi level of the sample.”

An analyzer collects the emitted
photoelectrons and separates them by Ey;,, providing counts per second for discrete energy
intervals upon scanning the spectrum. Figure 4a shows the XP spectrum of a clean Ag(111)
single crystal under Al Ka radiation (hv = 1486.6 ¢V). Note the characteristic set of core
levels distributed across the spectrum, all related to the electronic structure of Ag, which al-
lows for a clear identification of this element. The XP spectrum of the IL [C,CIm][Tf,N] in
Figure 4b shows a spread of lines which as indicated in the graph are related to the different

elements (C, F, N, O, S) present in the IL sample.

Figure 3: Angle-resolved X-ray photoelectron spectroscopy (ARXPS). Photoelectrons are
emitted from the sample upon X-ray irradiation. The blue arrows correspond to 3A. The red
arrows indicate the information depth /D and how it varies for a change in the detection (or
emission) angle ¥ from normal emission (0°, bulk sensitive: ID = 7 to 9 nm) to grazing
emission (80°, surface sensitive: ID =1 to 1.5 nm).

The inelastic mean free path A of electrons in condensed matter is generally very short
(1 to 3 nm,"* see also Chapter 2.4), that means, XPS inherently is a highly surface sensitive
technique. In angle-resolved XPS (ARXPS), a variation of the angle ¥ between the sample’s
surface normal and the electron analyzer (commonly by rotation of the sample) can lead to

considerable changes in ID:
ID(¥Y) = 31-cosdV (2)

Changing the detection (or emission) angle from normal emission (0°, bulk sensitive)
to grazing emission (80°, surface sensitive) causes a decrease in ID from typically 7 to 9 nm
for ¥ = 0° to about 1 to 1.5 nm for 9 = 80°, that is, the experiment at 80° emission is about

six times more surface sensitive, and mainly the topmost surface layer is probed.

As the count of photoelectrons is directly proportional to the intensity of the incident

photon beam, a quantitative analysis of a sample’s chemical composition is possible.'” In ad-

10



dition to the identification of elements present within the sample (as shown in Figure 4), it is
also possible to obtain information on the chemical and physical environment of an element
by looking at relative chemical shifts of Ej,. Figure 5 shows the spectrum of F 1s
photoelectrons of a mixed thin film of two ILs, [CsCIm][Tf,N] and [CsCIm] [PF¢]."* Within
this film, the different chemical environments of the F atoms in the two different anions result
in distinct binding energies of the respective F 1s core levels. This allows for a direct quantita-
tive analysis of the relative amount of the respective anion. By variation of the detection angle
of the photoelectrons (and thus ID) it is further possible to quantify and compare for example
the relative amount of [Tf,N] and [PF¢] anions in the bulk (0° emission) and at the vacuum

interface (80°) of the IL film.

| a) Ag(111
300 ) Ag(111) Ag 3d ]
7]
@ I ]
£ 200} / _
5 Ag 3p ‘
e | Agdd |
= 100 | '
£ | Ag 3s A “ |‘ ‘ Ag 4p
e e ] ‘ e I Ag 4s \
0 F : : : : ) ‘.“‘ T "_i-L e \7' .
| b) [C,C,Im][T,N]
I F1s
50 | .
(/2]
o 4
Q
4
> | 01s
2 250 | |\ E
o
£ N 1s C1s 1
peorseetiorhy, ) | r | s2s S2p
Ok , 1 A R | A 1 R 1 , R | , R L Mt
800 700 600 500 400 300 200 100 0

Binding Energy / eV

Figure 4: XP spectra of a) Ag(111) and b) [C,CIm][Tf,;N].

The experiments in this thesis were performed using a two-chamber UHV system for
preparation (sputtering, annealing, PVD of ILs and 2H-TPP, LEED, QMS) and analysis
(ARXPS), with a base pressure of about 5 X 10" mbar. The ARXP spectra were acquired
with a non-monochromated Al Ka X-ray source (SPECS XR 50, 1486.6 ¢V, 240 W) and a
hemispherical electron analyzer (VG SCIENTA R3000). All spectra were measured with a

pass energy of 100 eV, which resulted in an overall energy resolution of ~0.9 eV. For more

11



details, see Refs.”> 1% 19 156 pegk fitting and background subtraction were done using
CasaXPS V2.3.16Dev6. For the Ag3d and Au4f peaks, a Shirley background was
subtracted,"”’ for N 1s on Au(111), F 1s and P 2p a two-point linear background, and for the
C 1s region a three-point linear background. For the N 1s spectra on Ag(111), an additional
background was subtracted to account for overlapping shake-up and plasmon satellites, and
inelastically scattered electrons of the Ag3d core levels;"® 8161 for further details, see
Figure 6.'” The IL spectra were fitted with a Voigt profile (30% Lorentzian contribution). For
fitting of the IL C Is peaks, a constraint of FWHM(Chetero) = 1.11 X FWHM(Cany1) was
applied.”® "% The atomic sensitivity factors (ASF) for the quantitative analysis are supplied in
the Appendix. All binding energies were referenced to the Fermi edge, yielding 368.20 eV for
the Ag 3ds); line and 83.85 eV for Au 4f7,. The XP spectra of the macroscopic IL films were
referenced to the binding energy of either Cay at 285.0 €V or of Cpetero at 287.0 €V if the IL

. . 103-105
did not contain any Cjjyi.
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Figure 5: F 1s core level spectra from ARXPS at 0° (bulk sensitive) and 80° (surface
sensitive) emission angles of a mixed thin film of two ILs, [CsCIm][Tf,N] and
[CsCiIm][PF¢]. By quantification of the peak areas it is possible to determine the ratio of
[Tf,N] anions to [PFe] anions in the bulk and at the vacuum interface. Spectra adapted
from Ref '* under license CC BY 4.0.

Time-dependent ARXPS measurements for the investigation of temporal changes of
film morphology were started immediately after the deposition of the respective IL. Because
the sample needed to be transferred from the preparation chamber to the analysis chamber of
our UHV system between IL deposition and XPS measurement, the first data point could be
obtained approximately 4 min after ending the IL deposition. The acquisition time for the
Ag 3d region was approximately 2 min. The time values given in the corresponding figures

1
represent the start of each measurement.'*
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For temperature-programmed XPS (TP-XPS), the sample was heated continuously

during the measurements at a rate of 2 K/min. The acquisition time for F 1s spectra ranged

from 2 to 5 min, for C ls spectra from 5 to 10 min and for Ag 3d spectra from 1 to 2 min.**
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Figure 6: N 1s signal in 0° emission of 2.8 nm of [CgC;Im][Tf,N] on Ag(111). The peak at
higher binding energy corresponds to the two N atoms in the cationic imidazolium ring and
the peak at lower binding energy to the single N atom in the anion. The peaks overlap
strongly with satellites of the Ag 3d line of the substrate. A least-squares fit of the N 1s peaks
together with the satellites was used to deal with the complicated background. The lower
spectrum shows the IL-related N 1s spectrum after subtraction of the substrate contributions
of the spectra. Reproduced from '® under license CC BY-NC 3.0 — Published by the PCCP
Owner Societies.
2.3 Physical Vapor Deposition of ILs and Porphyrins

Since 2008,93 in vacuo physical vapor deposition (PVD) of ultrathin IL films combined with
ARXPS was gradually established as a potent method for molecular-level investigations of
IL/solid interactions, wetting behavior and IL film growth in the coverage range from less

10,39, 44, 84, 93-98, 100, 102-105, 110, 144, 162-163 o
PO B R AT B By deposition of

than a monolayer to several multilayers.
ultra-thin films of only a few molecular layers (and less), it is possible to monitor the IL/solid

interface with XPS through the IL film, despite the highly surface sensitive nature of XPS."

For the measurements on the ultrathin layers, well-defined amounts of the different

ILs were deposited via PVD using two effusion cells dedicated to IL deposition.'® Figure 7
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shows a sketch of the effusion cell which was developed and optimized in this work. The
complete technical drawings are provided in the Appendix. This evaporator setup was used
for ILs as well as for 2H-TPP. The flux was checked using a quartz crystal microbalance
(QCM) to ensure stable and reproducible evaporation rates. This QCM can be rotated in and
out between the sample and the effusion cells. To remove volatile impurities, the compounds
were thoroughly degassed in UHV for more than 24 hours at evaporator temperatures between
370 and 500 K. The evaporation temperatures ranged from 370 to 460 K for the ILs and from
570 to 600 K for 2H-TPP. During deposition, the chamber background pressure was typically

164-165 yost other

93-94, 102-105, 110, 145-146, 165-

around 1 X 10® mbar. With the exception of dialkylimidazolium halides,
alkylimidazolium ILs evaporate intact in the form of neutral ion pairs.
70 In the present work, the XP spectra of the thin films from PVD were compared to spectra
of macroscopically thick IL films prepared ex-sifu, and no indications of decomposition were

observed for the films prepared by pyD 3% 103-105

Cu ring (917.2 x 2 mm)
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Figure 7: Sketch of the heating cartridge for the effusion cell developed by our group specifi-
cally for the evaporation of ILs in UHV. The water-cooled body was acquired from tectra
GmbH. A graphite or boron nitride crucible (purchased from Kurt J. Lesker Co.) sits in a cop-
per cylinder which is heated by a tantalum filament (@ =0.25 mm). This filament winds
through six ceramic twin tubes (@ = 2 mm) which are distributed equidistantly in wall bores
of the copper cylinder. A copper ring holds the crucible in place. A type K thermocouple
(@ = 0.125 mm) is contacted to the bottom of the crucible to ensure a stable and accurate tem-
perature reading. Note that the wall bores for the filaments do not go all the way through. In
this way, the setup quite effectively prevents ILs (which tend to creep out of the crucible)
from direct contact with the hot filaments, which would cause decomposition of the ions and
possible contaminations on the target. Adapted from '® under license CC BY-NC 3.0 —
Published by the PCCP Owner Societies. The complete technical drawings are provided in the
Appendix.
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For the study of ultrathin IL films, X-ray beam damage can play a crucial role.**** In

order to avoid undesired effects due to high X-ray doses, each film for one deposition experi-
ment was prepared on a freshly cleaned Ag(111) surface after completely removing the pre-

vious film by sputtering and annealing.®* '**"'%

2.4 Monitoring Thin Film Growth with XPS
The coverage and growth of IL and porphyrin films on Ag(111) and Au(111) was monitored
through the changes in the XPS signal (Ag 3d and Au 4f, respectively) intensity of the crystal
at emission angles of 9 = 0° and 80° relative to the surface normal. For homogeneous two-
dimensional (2D) growth, the Ag 3d signal at an angle ¥ decreases from I,, for the clean

. . . . . 4, 103-105, 110, 171
surface, to I;, when a film of thickness d is covering the surface, according to:** 103193 11017

—_ = e_l-cosﬁ (3)

Y is the detection angle relative to the surface normal and A the inelastic mean free
path of the electrons, which depends on the kinetic energy of the respective core level

electrons and the composition of the IL film.'*

In the work presented here, values for A were
obtained by linear interpolation of A values of previous studies of similar ILs on gold,
graphene, mica, nickel and silicon oxide substrates at kinetic energies of the respective core
levels between 630 and 1400 eV, see Figure 8.°7% %% %899 110 gpdies by Tanuma er al.'™
show that within this energy range A indeed scales linearly with the kinetic energy. For Ag 3d
electrons with a kinetic energy of around 1110 eV, A is in that way approximated to 2.5 nm in
IL films.® '%'% For Au4f electrons (1400 eV) A =3.0nm is used in agreement with

84, 94, 101, 132, 173-174

literature. Because of the similarities in chemical composition and density,

similar A values are assumed for 2H-TPP %

For the sake of clarity, it should be noted that for ideal layer-by-layer growth (that
means the full completion of a layer is achieved before a new layer starts to grow on top) the
substrate signal should decrease in a section-wise linear fashion for each layer,’* ' 10171173
The statistics of the data presented here are, however, not good enough to unequivocally re-
solve such slope changes between adjacent straight sections. In order to detect deviations
from 2D film growth, the mean film thickness d for a given deposition experiment was calcu-
lated from the experimental 1; /I, ratios at 9 = 0°, that is, in the bulk-sensitive emission geo-

metry, according to Eq. (3).5* %+ 103105

With the obtained d value, the expected attenuation at
Y =80°, that is, in the surface-sensitive emission, was then calculated using the same
equation. While agreement between the experimental data at 80° and the calculation at 80° in-
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dicates 2D growth, 1;/I, ratios above the calculated curve indicate a three-dimensional (3D)

morphology of the IL film;'”" such behavior was observed for a number of systems.** **% 10!

103-105, 110
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Figure 8: Literature values for A of various core levels (kinetic energies, Ey;,, between 630
and 1400 eV) in IL films®** %% %% 119 and interpolated value for Ag 3d electrons'” with a
kinetic energy of around 1110 eV.

Notably, in the present study the IL films of [C;C,Im][Tf,N] were found to change
their morphology from an initial pronounced 3D topology towards 2D over time, as evidenced
by a change of the I, /I, ratio after IL deposition was stopped, see Chapter 3.2.'" Therefore,
all values for mean film thickness d of [C;CIm][Tf,N] denoted in this work were derived
only after these changes leveled off, that is, when maximum attenuation of the support signals
— and thus, a sort of final state — was reached; this was typically the case between 30 min and

2 h after ending the IL deposition.

2.5 Estimation of the IL Monolayer Height

For the discussion of the growth behavior of the ILs, coverage is given in ML, where 1 ML is

. . . . . 4 103-1
defined as a closed double layer of ions irrespective of their relative arrangement.®* °* '%-10°

'® The monolayer height h is approximated as the cubic root of the molecular volume V,

based on mass density p values of the IL from literature:** 910 110

h=3V,=" _M/p’VA (4)

with M molar mass and N, Avogadro constant.® According to this relation, h is
0.73 nm for [C,CIm][Tf;N], 0.84 nm for [CgC;Im][Tf,N] and 0.77 nm for [CsC;Im][PF¢]

: : 103-104
using values for V,,, from literature.® '
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Due to the ability to freely change substituents at the imidazolium head group, it is
quite likely to come across an IL with a so far unexplored mass density. This is for example
the case for [PEBMIm][PFs]. Additionally, this IL is solid at RT,'® meaning, that p can be
highly dependent on the conditions of solidification (cooling rate, crystallinity), which could
make a reliable value for p fairly difficult to achieve. The monolayer height h of
[PFBMIm][PF¢] can, however, be estimated by comparison to the values for the non-
fluorinated [C,C;Im][PF¢] ILs (calculated from known mass densities), considering the in-
crease of V,,, upon exchange of hydrogen by fluorine.!” This estimation is based on a study by
Morgado ef al., who determined the molar volume v, of n-alkanes and n-perfluoroalkanes as
a function of the number of carbon atoms in the molecule. According to their data, v, of the
molecules increases in a nearly linear fashion by ~16 cm’/mol per CH, and upon insertion of
CF, by =24 cm’/mol.'” In good agreement to the alkanes, v, of [C,C,Im][PFs] and
[C,C1Im][T£,N] ILs, shown in Figure 9a, increases almost linearly by ~17 cm’/mol for every
CH; unit added to the linear carbon chain substituent. Due to the good agreement, v, for
[PFBMIm][PF¢] can be estimated from this data. Starting from the v, of [C,C,Im][PF¢] of
169 cm’/mol, we extend the alkyl chain by two CF, units adding 48 cm®/mol, which yields a
v, for [PFBMIm][PF4] of 217 cm’/mol. From this value, # of [PFBMIm][PF,] is calculated
to 0.71 nm, which is, as expected, only slightly larger than % of [C4C;Im][PF¢] of 0.70 nm'®’

(Figure 9b) because the side chain is only a part of the larger ion pair.

Porphyrin coverages are given in this work by the number of complete layers. This
means, one monolayer corresponds to one saturated layer with all porphyrin molecules lying
flat in direct contact with the metal surface.*® In some previous publications, the porphyrin
coverage in ML was also defined as the number of porphyrin molecules per metal atom of the
substrate. For 2H-TPP on Ag(111) and Au(111), one monolayer corresponds by this

definition to a coverage of 0.037 ML.'"

To avoid any confusion, the unit ML will not be used
to denote porphyrin coverages in this work. Monolayer coverage of 2H-TPP on Ag(111) and
Au(111) can be prepared by heating to 500 K (above the temperature of multilayer

. 4, 1
desorption,** '’

see Chapter 3.3) after the deposition of multilayers of the porphyrin on the
metal crystal. From the attenuation of the substrate XPS signal in 0° emission, the height of
the monolayer of flat lying 2H-TPP molecules was calculated to 0.34 nm using A= 2.5 nm on

Ag(111) and A =3.0 nm on Au(111), respectively, as stated above.*

Upon heating above 525 K, signs of dehydrogenation at the phenyl groups were
reported for 2H-TPP molecules in contact with the Ag(111) surface.'” In this work, the
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porphyrin layers were only heated to 500 K to avoid dehydrogenation at the molecule’s
periphery. Di Santo ef al. reported a shift to lower binding energy of the N 1s and C 1s signals
and a change in the C 1s peak shape after heating to 550 K. Both were attributed to a change
in the orientation of the phenyl groups of the 2H-TPP molecule relative to the metal surface
upon dehydrogenation at the molecules periphery.'” In the present study, the spectra of
monolayer 2H-TPP films showed no difference after heating to 500 K compared to films of

similar thickness prepared by direct deposition.*
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Figure 9: Molar volumes v, (a) and corresponding estimates of monolayer height h (b) of
[C,CiIm][ToN] and [C,CiIm][PF¢] ILs calculated from the ILs’ respective mass densities p.
p of [TH;NT ILs from Refs;® "% 125147 5 of [PFs] ILs from Refs.® 125 135 197 179182 g the
estimation of h of [PFBMIm][PF¢], see the text. The values of h are also provided in a table
in the Appendix.
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3. Results

The main part of the results accumulated in this dissertation is published in a series of peer-
reviewed journal articles [P1-P4]. This chapter provides a summary of the individual results,
finding common ground through the topical connections between all four studies and by
further support of so far unpublished findings. For the detailed description of the individual
results and the specific systems under investigation, the reader is referred to the corresponding

publications [P1-P4] in the Appendix.

3.1 Ionic Liquid Thin Film Growth on Metal Surfaces [P1, P2, P3, P4]
Studying the interaction of ILs with solid supports was one major focus of this thesis, with the
aim to understand fundamental aspects relevant for thin film applications such as SILP or
SCILL catalysis."" These aspects are in particular the structure and arrangement at the
liquid/solid interface, the initial stages of thin film growth and ultimately the wetting behavior
of thin IL films on the solid supports at room temperature (RT).'"¢* %719 Agide from the
specific interaction of the molecules with the support, a good wettability of the IL film is a

11, 28, 64

crucial requirement for the performance of the composite systems. While wetting of

ILs has been studied quite extensively on the macroscopic and mesoscopic scale, mostly by

. . 1 4, 118, 183-1
contact angle measurements and atomic force microscopy (AFM), 0. 64, 118, 183-195

10, 93-94, 96, 98-99, 101, 110, 132, 138, 146, 196-197

only a few

studies are available on the molecular scale.

The growth was characterized by measuring the attenuation of the core level intensity
of the supporting crystal upon varying the coverage of the IL. Four model ILs,
[CiCiIm][TE,N], [CsCiIm][TE,N], [CsCiIm][PFs] and [PFBMIm][PF¢] (see Table 1) were
studied on the Ag(111) and Au(111) surfaces by quantitative ARXPS. The main differences
between the selected ILs are the different length and chemical composition of the alkyl chain

at the imidazolium head group and the nature of the counter ion.

Figure 10 shows the attenuation of the Ag 3d signal of the supporting Ag(111) crystal
as a function of IL film thickness for [CsC;Im][Tf,N]. Up to 0.5 ML, the good agreement of
the 80° data to the corresponding curve calculated for 2D growth (dashed line) indicates the
formation of a closed molecular layer at the IL/Ag(111) interface where both, cations and
anions, adsorb in a checkerboard arrangement, that is, within this wetting layer (WL), both
ions are in contact with the metal surface.'” Upon increasing the film thickness, the 80° data
systematically falls above the 2D curve, indicating the formation of 3D islands on top of

the WL.'%
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For coverages of [CgCiIm][Tf,N] below 0.5 ML (which is less than the WL), the
[CgCiIm]" cation was found to adsorb in a flat geometry on Ag(111) at RT, with both, the
imidazolium head group as well as the octyl chain, in contact with the metal surface.
Approaching 0.5 ML, i.e. one closed molecular layer, the octyl chains gradually detach from
the metal surface and orient towards the vacuum.'® This behavior was previously observed
by Cremer et al. for [CsCiIm][Tf,N] on Au(11 1),94 and it also occurs for [CsCIm][PFg] on
Ag(111) and Au(111).** The driving force behind this molecular rearrangement approaching
0.5 ML coverage is most likely related to the fact that it allows for a tighter packing of the
ions within the WL at the interface.”” '® Although it implies that the cations’ individual
adsorption energy is lowered by the (missing) contribution of attractive van der Waals
interactions of the alkyl chains with the metal surface, it likely creates an energetic net benefit
by reducing the average lateral distance between the adsorbed ionic head groups and further
by freeing up more adsorption sites at the interface to adsorb further IL ion pairs in direct

contact with the metal.®*
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Figure 10: Attenuation of the Ag 3d intensity in 0° and 80° emission as a function of the film
thickness d of the IL [CsCiIm][Tf;N] on Ag(111) at RT. The curves for 2D growth are cal-
culated from Eq. (3) with an inelastic mean free path A of 2.5 nm and the corresponding de-
tection angles. Adapted from '® under license CC BY-NC 3.0 — Published by the PCCP
Owner Societies.

Independent of the length of the alkyl substituents at the imidazolium cation, the
[TfrN] anion was found to adsorb on Ag(111) in a cis conformation with an upright
orientation, that is, with the oxygen atoms pointing towards the metal and the CF3 groups

103-104
away from the surface.'” "

This geometry of the [Tf,N] anion was observed previously for
several ILs with [Tf,N] as anion by ARXPS on Au(111)**°® and by scanning tunneling
microscopy (STM) on Ag(11 1'% and Au(111),”* " "% and other surfaces.””**- 162 199201

Notably, this preferential orientation of the [Tf,N]™ anion is found at RT* %6 9% 103-104, 199201
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and also at temperatures around 100 K.7* %% 104 195-162 preferential orientation of the anion at
the IL/metal interface was also reported for [CoCiIm][TfO] on Pd(111)****** and on Co-
covered Pd(111),%* such that the SO; group points towards the metal and the CF5 group away

from the surface.

Table 2 provides an overview over a range of molecular-level studies that deal with
the initial stages of thin film growth and the structure at IL/metal interfaces. The formation of
a 2D WL with a checkerboard arrangement of (on average) alternating anions and cations is
with overwhelming consistency the result of the majority of the molecular-level studies of
IL/solid interfaces, % 92-9% 96-99. 101, 103-105, 132, 144-145, 174, 186, 198, 202203, 206-207 (3 o contion i the
growth of [C;C;Im][Tf,N] on Ni(111) at 220 K, where for coverages below 0.5 ML the ions
were reported to adsorb in a sandwich-type arrangement, where initially only the [C;C;Im]"
cation is in contact with the Ni(111) surface and the [Tf,N] anion sitting on top of the

cation.'"*

Table 2: Overview over selected molecular-level studies of IL thin film growth and structure
at IL/metal interfaces. The entries shaded in gray were studied in this work.

Ionic Liquid Surface WL  Multilayer Remarks® Ref.
[CiC{Im][T£N] Ag(111)  Yes 3D ARXPS for sub-monolayer to multilayers at 103
RT. Time-dependent changes of film
morphology at RT.
Au(111)  Yes 2D ARXPS for sub-monolayer to multilayers at o
RT.
Ni(111)  Yes 3D ARXPS for sub-monolayer to multilayers at 1o
220 K. Sandwich arrangement of ion pairs in
WL.
[CoCIm][TH,N] Ag(111), Yes - STM for sub-monolayer coverage at < 120 K. 143
Au(111)
Au(110)  Yes 3D STM at 128 K, LEED and UPS at RT, surface 146

reconstruction upon IL adsorption. Time-
dependent changes of film morphology at RT.

Ni(111)  Yes - TOF-SIMS at 150 to 280 K. 92
[C4CiIm][TEN] Au film Yes 3D Pulsed-valve deposition. XPS and ex-situ 207
on mica AFM at RT.
[CsCiIm][T£;N] Ag(111)  Yes 3D STM for sub-monolayer coverage at < 120 K, HEL 1

ARXPS for sub-monolayer to multilayers at
RT. Interaction with co-adsorbed
[CsCiIm][PFe].

Au(111)  Yes 2D STM for sub-monolayer coverage at< 120 K~ °*'%
and RT. ARXPS for sub-monolayer to 132, 145
multilayers at RT, study of beam damage.

Cu(100)  Yes - STM for WL coverage and XPS for sub- 102

monolayer to multilayers at RT. STM showed
no clear order in the WL at RT.
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Table 2 continued.

Ionic Liquid Surface WL  Multilayer Remarks® Ref.

[CsCIm]ClI Au(111)  Yes 3D ESI deposition. ARXPS for sub-monolayer 132
to multilayers and ex-situ AFM on
multilayers at RT.

[CsCiIm][PF¢] Ag(111), Yes 3D ARXPS for sub-monolayer to multilayers at ¥ '%+1%
Au(111) RT and < 90 K. Interaction with co-adsorbed
porphyrin layer, [CgC,Im][Tf,N] and
[PFBMIm][PF].
[C4CiIm][BF4] Pton Yes 2D Nano-inkjet printing. AFM at RT indicates 208
Al O3 2D growth up to 4 nm.
[CsCiIm][BF,] Cu(111)  Yes 3D XPS and UPS at 120 K and RT. The film 138

morphology changes upon heating to RT
after deposition at 120 K.

[PFBMIm][PF¢] Ag(111)  Yes 3D ARXPS for sub-monolayer to multilayers at 105
RT. Interaction with co-adsorbed
[CsCiIm][PFq].

[C,CIm][TO] Au(111)  Yes 3D ARXPS for sub-monolayer to multilayers at 101
RT. Growth is closer to 2D on partially Pd-
covered Au(111).

Pd(111)  Yes - IRAS on WL and multilayers. At 220 K, 202-203
checkerboard arrangement in first layer.
Strong interaction of the anion with the
metal influences multilayer structure.

[C4CiPyrr][TH;N]  Ag(111)  Yes - STM for sub-monolayer coverage at 198
<120 K.
Au(111)  Yes 2D STM for sub-monolayer coverage at 96. 198
<120 K. ARXPS for sub-monolayer to
multilayers at RT.
Cu(111)  Yes - STM for sub-monolayer coverage at 100 K 7
and RT.
[C4C\Pyrr][FAP]  Au(111)  Yes - STM for sub-monolayer coverage at 210 K 206

and RT. Not clear, whether checkerboard or
sandwich arrangement in WL.

a: IL films prepared by PVD, if not indicated otherwise.

On top of the initially formed homogeneous WL, i.e. for coverages above 0.5 ML, all
ILs studied within this thesis show more or less pronounced island growth on Ag(111) and
Au(111),%* 1919 a5 schematically depicted in Figure 11. This Stranski-Krastanov-like
growth™ (or pseudo partial wetting®'®) again appears to be a quite common observation for

. 4,101, 103-1 110, 132, 1 174, 2
molecular level studies of ILs on metals,8 » 101, 103-105, 110, 132, 138, 174, 207

see Table 2, and also on
various other surfaces.®’ % 9899 110. 186. 196.199 g, djeg on the mesoscopic scale also commonly
report the formation of a 2D WL and subsequent droplet formation of ILs on a wide range of

184-185, 187-193, 211
surfaces. ’ ’

22



For [CgCiIm][PF¢], the initial stages of film growth were studied on the bare
Ag(111)* ' and Au(111)* surfaces, and also after pre-adsorption of one closed layer of 2H-
TPP on these two surfaces.™ Just as on pristine Ag(111)**'* and Au(111),* [CsC Im][PF¢]
forms a closed WL on top of the porphyrin layer. At IL coverages above 0.5 ML, again the
formation of 3D islands on top of the WL is observed. The 3D island growth appears more

pronounced on the 2H-TPP layer as compared to the pristine metal surfaces.*

clean Ag(111) 0-0.5ML > 0.5 ML

IL
/
T [ |

Figure 11: Scheme of the initial stages of IL film growth observed on Ag(111).'%"'% Initially,
formation of a 2D WL, followed by 3D droplets on top. Adapted from 1% under license CC
BY-NC 3.0 — Published by the PCCP Owner Societies.

On the molecular scale, the occurrence of 3D growth on top of the initial WL hints at
two things. For one, the adsorption of the ions at the metal interface is stronger than the
interaction of the ions within the IL film, and two, the structure that is forced on the IL within
a 2D film arrangement could be energetically less favored compared to the more relaxed
structure within the IL droplets that form on top of the WL — despite imposing a higher
surface area. Terms like “structure” and “strain” commonly used for the description of
nucleation and growth of thin films,*'**'° however, appear somewhat unsuitable for the
description of IL thin film growth at RT because of the highly mobile, liquid nature of the IL
systems (see also Chapters 3.2 and 3.5). A more suitable concept could focus on the ionic
nature of these films, that is, the precise structure within the multilayers is less important
compared to the energetic benefits that can arise from a higher average coordination of ions
with counter ions within a 3D island as compared to a 2D layered film. In the system of 3D IL
droplets in equilibrium with a 2D molecular film wetting the entire metal surface, the IL WL
forms due to a strongly stabilizing interaction of the metal surface (as deduced from higher
desorption temperatures of the WL compared to multilayers, see Chapter 3.4), by formation of
image dipoles within the metal and possible (partial) charge transfer.'® "7 This point of view
is in overall agreement with more conventional molecular scale interpretations of growth

behavior in metal-organic heteroepitaxy.2 18-219

On the mesoscale, the concept of pseudo partial wetting for nonvolatile liquids is well

210
L.

known. Already in 1991, de Gennes ef a published a model based on the liquid’s surface

tension, able to explain this wetting behavior for certain values of two parameters: Hamaker
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constant A and spreading coefficient S. It remains to be shown, however, whether this model
can be applied to ILs due to the limitations of this model considering long-range inter-

actions>'? and the obvious Coulomb contributions to the intermolecular forces of ILs.

In conclusion, the entirety of data currently available already allows for the derivation
of certain structure-property relationships. And while the formation of a closed WL on metal
surfaces appears to be one general similarity for ILs, the intermolecular structure and
molecular orientation at the interfaces seems to be determined predominantly by the com-
position of the IL and less by the nature of the substrate. In the present state, there is still need
of further data on a wider range of systems to allow for a clear correlation of film

morphologies in the later stages of thin film growth.

3.2 Time-Dependent Changes in the Growth of IL Films [P1]
Upon deposition of multilayers of [C,C,Im][Tf,N] on Ag(111) at RT, a time-dependent
behavior of the IL film is observed.'” Figure 12 shows the temporal evolution of the XPS
signal intensity of the Ag support after IL deposition. The intensity ratio I;/I, of the Ag 3d
signals is plotted versus the time after ending the deposition of IL, for nominal (that means
final) film thicknesses of a) 1.5nmand b) 3.2 nm. On the timescale of several tens of
minutes, a considerable decrease in intensity occurs, which is interpreted as a time-dependent

change of the film morphology (schematically shown in Figure 13a) before a plateau is

reached.
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Figure 12: Temporal evolution of the Ag 3d signal intensity in 0° and 80° emission from time-
dependent ARXPS of films of [C;C;Im][Tf,N] and [CsC,Im][Tf;N], respectively, after ending
the IL deposition of equivalents of a) 1.5 nm and b) 3.2 nm on Ag(111) at RT. Adapted
from ' under license CC BY-NC 3.0 — Published by the PCCP Owner Societies.
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The time-dependent measurements of [C;CIm][Tf;N] in Figure 12 indicate that ini-
tially large 3D IL islands (droplets) form on a very fast timescale, that is, much faster than the
time needed for an XPS scan (which takes typically several minutes). These droplets then
spread over time into a nearly 2D film on a much slower timescale in the order of hours.
Complementary time-dependent measurements in the C 1s and N 1s regions after the
deposition of [C;C;Im] [THN]'® (not shown here) show an increase in the intensity of the IL-
related peaks, which goes along with the decrease of the Ag 3d intensity as the IL droplets
spread, further supporting the proposed morphology changes.'”

a) [C,C,Im][Tf,N]

Ag ;I> IL/Ag q IL/Ag

b) [CsC4Im][Tf,N]

IL/Ag IL/Ag

Figure 13: Scheme of the time-dependent behavior after the deposition of multilayers of
a) [C,CiIm][Tf,N] and b) [CsCiIm][Tf,N] on Ag(111) at RT. Adapted in part from 1 under
license CC BY-NC 3.0 — Published by the PCCP Owner Societies.

Figure 12 also shows the temporal evolution of the Ag 3d signal after the deposition of
[C3CiIm][TEoN] films of similar thickness on Ag(111), that is, an IL structurally similar to
[CiCiIm][T£,N], but with an octyl chain instead of one of the methyl groups, see Table 1. As
depicted schematically in Figure 13b, no changes in the morphology of the [CsCIm][Tf,N]
films are derived from the fairly constant course of the support intensity over time in
Figure 12. Similar values for the intensity ratio I;/1; in 0° and 80° emission near the end of
the experiments indicate that the final structure of the [C,C;Im][Tf,N] films is very similar to

the one formed for [CsC,Im][T£;N] from the very beginning.”* '

The initial formation of comparably high 3D [C,C,Im][Tf;N] islands on top of the
closed wetting layer and the subsequent time-dependent transformation to nearly flat films
indicate the existence of two very different timescales. The formation of stable 2D islands on
the WL from individual ion pairs obviously does not occur on the same time scale as 3D
growth. Otherwise, the nearly flat film morphology as final state should evolve from the very

beginning.lo3 A general observation is that individual IL ion pairs are very mobile on metal
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surfaces at RT.7¢-07 102103, 145-146. 198 o a5sume that statistically formed small 2D islands very
quickly disintegrate due to the lack of stabilization by neighboring ions, leading to a low
density of stable 2D islands, which would promote further 2D growth. At the same time,
existing larger islands appear more stable and quickly grow into large 3D droplets. Within
these droplets, the ions could benefit from a higher average coordination with counter ions
compared to a 2D layer. After ending the deposition, the slow transformation (on the
timescale of hours) towards a flat morphology is observed experimentally, as ripening and
coalescence seem to occur. This behavior indicates that extended regions of rather flat layer-
by-layer arrangements are thermodynamically more stable than pronounced 3D islands. The
initial formation of the 3D islands is thus understood as a kinetic stabilization. Possible
reasons for the slow timescale of the transformation towards a less 3D morphology could be a
high activation barrier for the emission of an ion pair from the 3D island to the uncovered WL
or successive flat layers, or the above mentioned low probability for forming stable 2D
nuclei.'” In contrast to previous assumptions,'” more recent measurements indicated also an
influence of the X-ray exposure during measurement on the time-dependent behavior of

[CiCiIm][T£,N] on Ag(111). For details see the Appendix.

As time-dependent changes have previously also been found for [C,C;Im][Tf,N] on
Au(110),"* it is proposed as a general conclusion that the observed behavior strongly depends
on the molecular structure, which concerns in this case the alkyl substituents at the cationic
imidazolium head group.lo3 The different behavior observed for [CsC,Im][Tf,N] is attributed
to a stabilization of IL ion pairs on the WL (or successive flat layers) by the octyl chains; it
has been reported that the dispersive attraction between the alkyl chains of [CgCiIm][Tf,N]
can be as large as 20 % of the Coulomb interaction between the ionic components.'*® '°® A
similar interaction is also expected with the underlying IL layers. This stabilization could on
the one hand make the initial formation of 3D islands less favorable and on the other hand
lead to a higher probability for the formation of 2D islands from IL ion pairs that are emitted
from 3D islands; in addition, the octyl chain might also lead to a lower activation barrier for
the detachment of IL ion pairs from 3D islands.'” The fact that the same slow IL-spreading

14 .
% surface is taken as

behavior is found for Ag(111)'”* and for the reconstructed Au(110)
strong indication that a pronounced influence of metal surface reconstruction on this process

103
can be excluded.
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3.3 Growth and Desorption of 2H-TPP on Ag(111) and Au(111) [P4]
In this chapter, we take a closer look on the growth behavior of 2H-TPP on Ag(111) and
Au(111). The structure of multilayer porphyrins is of utmost importance for applications in

220-221

organic electronic devices, as parameters like charge carrier mobility and device

efficiency strongly depend on the molecular arrangement and orientation.””'** Up to a

176, 219, 226-227
’ and

coverage of a monolayer, the growth and structure of 2H-TPP on Ag(111)
Au(111)*"*® is well-studied. Information on porphyrin multilayers on metal substrates — in
general — is, however, scarce.””" °* To investigate the growth of 2H-TPP from sub-
monolayer to multilayer coverages, increasing amounts of 2H-TPP were deposited on
Ag(111) and Au(111). By monitoring the attenuation of the ARXPS signal intensity of the
supporting metals (Ag 3d and Au 4f) as a function of the porphyrin coverage, we observe a
very similar behavior on the two surfaces, for deposition at RT (between 295 and 315 K) and
at low temperature (between 80 and 85 K). In each case, the experimental data exactly follows
the prediction for 2D growth up to two monolayers, that is, an average thickness of ~0.68 nm,
which indicates the formation of two homogeneous closed layers of flat lying porphyrin
molecules as sketched in Figure 14. Up to monolayer coverage, self-assembly of 2H-TPP into
extended, ordered 2D networks on Ag(111) and Au(111) has been reported previously at RT
and also below 100 K.'*% 2!% 226229 236 \while isolated 2H-TPP molecules are considered

227 the formation of ordered 2D networks is

85, 148, 177-178, 219, 227-229, 236-242

highly mobile on both metal surfaces at 300 K,

driven by a relatively strong molecule-molecule interaction.

+ 2H-TPP + 2H-TPP

< one monolayer < two monolayers > two monolayers

Figure 14: Scheme of the initial stages of 2H-TPP film growth on Ag(111) at temperatures be-
tween 80 and 315 K. The growth behavior on Au(111) is identical.**

For coverages above two monolayers, the 80° data of the support signal from ARXPS
falls systematically above the prediction for 2D growth, which is indicative of 3D island
growth.* Pronounced 3D growth on top of two closed molecular layers is denoted as
Stranski-Krastanov-like growth.'”" 2% ** Similar growth was observed previously for Cu-Pc
on Cu(111)** and for other large m-conjugated molecules on Ag(111) and Au(11 1).2*%* The
formation of relaxed 3D crystallites on top of initial adlayers is likely thermodynamically

favored, because it lowers the contact area to the strained initial 2D adlayers below,*** which
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benefit from a strong adsorption of the molecules on the metal. Comparing bulk structures of

142-143

2H-TPP from crystallography to the structure of a 2H-TPP monolayer at the Ag(111)

and Au(111) interfaces™ 2°%7 2 reveals not only different molecular conformations, but

84, 221

generally very different supermolecular arrangements which in turn determine the

. . . 84, 142-143, 229, 236-237, 239
intermolecular interactions.”™ e ’

The thermal stability of 2H-TPP multilayers on the two metal surfaces was monitored
through the thermal evolution of the porphyrin-related C Is signal and the respective core
level (Ag 3d or Au 4f) of the supporting metal at 0° emission during heating of 2H-TPP
multilayer films from RT to 540 K. On both surfaces, multilayer desorption of 2H-TPP occurs

169, 248 . o
’ of the data, we obtain an activation

at 450 K.* From a Leading-Edge type analysis
energy E, for multilayer desorption of 193 kJ/mol (+22 kJ/mol).** In agreement with a
previous temperature-programmed desorption (TPD) study of 2H-TPP on Ag(111),"” no
further changes in the C 1s signal intensity are observed upon heating to 540 K after the

desorption of the multilayers.*

. : . 82, 177-178, 221
Contrasting earlier assumptions, ’

it was reported later on that partial
dehydrogenation of porphyrin monolayers on Ag(111) can occur upon heating to temperatures
above 525 K.*> 77178 In the case of 2H-TPP on Ag(111), heating to 550 K causes a shift of
the porphyrin-related N 1s and C 1s signals to lower binding energy and a change in the C 1s
peak shape, as result of a change in the orientation of the phenyl groups of 2H-TPP relative to
the metal surface upon dehydrogenation at the molecule’s periphery. '8 The spectra of
monolayer 2H-TPP films prepared in the present work showed no difference after heating to
500 K compared to films of similar thickness prepared by direct deposition. The residual C 1s
intensity and the remaining attenuation of the support signals (Ag 3d or Au 4f, respectively)

after multilayer desorption further indicate that the remaining closed layer of 2H-TPP remains

. 4
intact. 8

3.4 Desorption of ILs from Metal Surfaces [P2, P3, P4]
While many ILs exhibit high thermal stability and despite their commonly very low vapor
pressures at RT, desorption can play a pivotal role for thin film applications at high
temperature. Due to the finite thickness of the IL film, maximum reaction temperatures of
SCILL systems, for example, are thus understandably limited i.a. by the stability of the IL
film."" Within this work, the desorption of ILs from Ag(111) and Au(111) was studied by
means of TP-XPS.* %1% The results of these experiments are summarized in Table 3,

supported by further information from literature. The plot of signal intensities from TP-XPS
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in Figure 15 shows on the example of [C;C;Im][Tf;N], [CsC;Im][T£;N]'** and [CsC,Im][PF]
on Ag(111)"%*1% how IL films desorb in two steps. The multilayers desorb first, followed by
the desorption of the WL, which indicates that the ions in contact with the metal surface are

bound more strongly than in the multilayer.

a) [C,C,Im][TE,N]
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Figure 15: Thermal evolution of F 1s (Frpn (green), Fprs (blue)) and Ag 3d signal intensities
at 0° emission from TP-XPS upon heating films of a) [C;C,Im][Tf:N], b) [CsCIm][Tf;N],'**
and ¢) [C3CiIm][PF¢]'*'® on Ag(111). Heating rate: 2 K/min. The vertical arrows indicate
the rate maxima of multilayer and WL desorption, respectively. The horizontal dashed lines
indicate the intensity of the WL as obtained upon adsorption at RT (for details see text).
Comparing the desorption temperatures of the ILs [CgCiIm] [TEN]'  and
[CsCiIm][PFe]** 1%*1% on Ag(111) in Figure 15b and 15¢, we note differences in the thermal
stability based on the differences in the molecular composition of the IL, more specifically,
the nature of the anion, such that both, multilayers as well as the WL of [CgC;Im][PF¢] on

Ag(111), desorb at higher temperatures than for [CsC;Im][Tf,N] on Ag(lll).lo4 The higher
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temperature for multilayer desorption, where the interaction with the underlying metal plays a
negligible role, agrees well with literature values for enthalpy of vaporization 4H,,, and vapor
pressure py,,, see Table 3, as [CgC;Im][PF¢] has a higher AHvapl‘66 and accordingly also a lower
Psa . than [CsCiIm][TH;N]. For the WL on Ag(111), the lower desorption temperature of
[CsCiIm][Tfo2N] compared to [CgCiIm][PF¢] indicates a stronger adsorption of the latter on
the metal surface which likely results from the smaller size of the anion and thus a more

localized charge which might induce a stronger image dipole within the metal.

Multilayers and the WL of [CsCIm][PF¢], respectively, desorb at similar temperatures
on Ag(111) as on Au(111). The similar desorption temperatures of the WL indicate similar

adsorption energies of this IL on both metals.*

It was established previously that A4H,, of homologues of imidazolium-based
[C,CiIm]X ILs (with X: [Tf;N], [TfO], [BF4]) increases linearly with the number of C atoms
in the alkyl chain (for n = 2 to 10).>***' While for short lengths of the alkyl chain (below four

249, 251-252
’ and

C atoms), the vapor pressure does not appear to follow this trend exactly,
although no literature data is available for n = 1, it seems therefore reasonable that multilayers
of [CiCiIm][Tf,N] desorb at a lower temperature of 345K than multilayers of
[CsCiIm][Tf,N], which desorb at 365 K, as shown in Figure 15. Similar desorption
temperatures of the respective WL of the two ILs on Ag(111) indicate that the length of the

side chain at the cationic imidazolium headgroup has a relatively small influence on the

adsorption energy of the IL.

Notably, the residual F 1s intensity of the [CsCiIm][Tf,N] WL on Ag(111) after
multilayer desorption at 405 K in Figure 15 is about 30% lower than for a WL obtained from
direct deposition at RT (as indicated by the horizontal dashed line). This indicates a lower
coverage. A similar behavior is also observed for [CsC,Im][PF¢] on Ag(111) and Au(111).
For [C,CiIm][Tf;N] on Ag(111), in contrast, the residual F 1s intensity of the WL after
multilayer desorption matches exactly that of a WL from direct deposition. As described in
Chapter 3.1, the alkyl chains gradually detach and point away from the surface upon
approaching WL coverage during the initial stages of film growth. It seems possible that the
alkyl chains in the (high temperature) WL assume a flat lying geometry on the Ag(111)
surface after multilayer desorption. A lower coverage could then be the consequence of the
larger spatial requirement of the [CgC,Im]" cation in this adsorption geometry. This would
also explain why [CCIm][Tf,N] shows identical F 1s intensities in the WL after multilayer

desorption and after direct WL deposition, because it lacks such an alkyl chain substituent.
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Table 3: Desorption temperatures 7. of selected ILs on metal surfaces in comparison to values for activation energy of multilayer desorption E,,
enthalpy of vaporization 4H,,, at 298 K and vapor pressure p,, at 423 K (errors in the least significant figure in round brackets). f: Heating rate of
the desorption experiment. The entries shaded in gray were subject of the experimental part of this thesis.

Ths ! K Thes ' K p/ E, /kJ/mol AH,, | DPsac/
Ionic Liquid Surface Remarks Ref.
ultilayer min ultilayer 'mo a
(WL)  (Multilayer) K/min (Multilayer) kJ/mol uP
[C,C{Im][T£,N] Ag(111) 425 345 TP-XPS. a
118° - -
Ni(111) <400 <400 - IL desorbs entirely upon heating to 400 K. 1o
[C,CiIm][TEN] Au(111)  380-500 380 30 166 166 TPD; broad range for WL desorption. 169
118(2) 134(2) 128024
Au(110) > 520 ~370 10 126" 137(5)' TP-UPS; IL covered Au(110) surface undergoes recon- 146
struction from 1x1 to 1x3 upon heating > 490 K.
[CsCIm][TEN]  Ag(111) 425 365 2 TP-XPS; WL desorption shifts to < 370 K after 104
replacement by [CyCIm][PF] at Ag(111) surface.
Au(l11) > 400 <400 - 126° 166 b9 Multilayers desorb upon heating to 400 K for 10 min 102
131 (2)166 149(2) 380 while the WL remains.
Cu(100) > 400 <400 - Multilayers desorb upon heating to 400 K for 10 min 102
while the WL remains. XPS indicates stronger interaction
of IL WL with Cu(100) than Au(111).
[CsCIm][PF¢] Ag(111) 445 405 2 139" TP-XPS; WL desorption shifts to < 420 K on 2H-TPP- 84, 104-105
143(4)166 169(4)1(,6 8249 covered Ag(l 1 1)
Au(111) 445 405 2 167(18)* TP-XPS; WL desorption shifts to <420 K on 2H-TPP- 84
covered Au(111).
[CsCiIm][BF4] Au(111) > 400 > 400 30 66 157197 TPD; same temperature for multilayer and WL desorption. 253254
249
Cu(l111)  >460 420 - 13703) 162(3)" 12 TP-XPS; decomposition of WL before desorption is sug- 138
gested.
[PFBMIm][PFs]  Ag(111) - 390 2 . TP-XPS; cation decomposes in WL > 420 K. WL 105
148 } - desorption shifts to <420 K after replacement by
[CsC{Im][PF,] at Ag(111) surface.
123
[C4C\Pyrr][TEEN]  Cu(l111) - - - 1322)'% 13?(?)9 ass - Anions in contact with Cu surface decompose below o7
(19) 300 K.

a: See Fig. 15a; b: Redhead analysis™*® with frequency factor v; = 10® 1/s from literature;'® TPD: Temperature-programmed desorption; TP-XPS: Temperature-programmed
XPS; TP-UPS: Temperature-programmed ultra-violet photoelectron spectroscopy.



The thermal evolution of [C,CIm][Tf;N] on Au(111) was studied via TPD by Hessey
and Jones.'® Compared to the value of 365 K for [CsCiIm][Tf;N] on Ag(111) from TP-
XPs,'™ they found for [C,C,Im][Tf,N] a slightly higher temperature of multilayer desorption
of 380 K and a rather broad WL desorption range. Both are likely related to the much higher
heating rate of the TPD experiment of 30 K/min'® compared to the TP-XPS with 2 K/min.'**
257-258

The broad range for the WL desorption could also be a sign of decomposition of the IL

film on the Au surface.

The temperature of multilayer desorption of [PFBMIm][PFs] of 390 K is close to that
of [CsCiIm][PF],'” which indicates that in this specific case the seemingly significant
structural variation at the cation of these two ILs — which has a profound effect on the surface

105, 239261 _ appears to have only little effect on the

composition and enrichment behavior
multilayer desorption. In contrast to [CsCiIm][PFs] on Ag(111),** TP-XPS upon heating thin
films of [PFBMIm][PF¢] on Ag(111) above 420 K reveals signs of decomposition of this
IL." Thermal decomposition at temperatures below 500 K was also reported for bulk

262 which indicates that the decom-

evaporation experiments on the related IL [C4CIm][PF¢],
position of [PFBMIm][PFs] on Ag(111) might also occur in the multilayer independently of
any influence by the metallic support. In any case, the findings imply that the adsorption ener-
gy of [PFBMIm][PF¢] on Ag(111) cannot be deduced simply from TP-XPS because of the

decomposition of the IL.'"°

Although the multilayer desorption of [CsCiIm][PFs] partly overlaps with the
desorption of [PFBMIm][PF¢], the latter can be desorbed intact within the multilayer
desorption range from mixed thin films with [CsC,Im][PF¢] on Ag(111), leaving a WL of
[CsCiIm][PFs] behind, as sketched in Figure 16a."% In a similar fashion, it is possible to
desorb [CsCiIm][Tf,N] selectively and entirely from mixed films with [CgC;Im][PFs] in the
temperature range of multilayer desorption, see Figure 16b.'" In both cases, these multilayer
desorption characteristics are enabled by the selective replacement of the respective IL by
[CsCIm][PFs] at the IL/Ag(111) interface and the surface enrichment of [PFBMIm]" cations

104105 1y effect, it

and [Tf;N] anions in the respective mixtures (see Chapter 3.5).
demonstrates that layers of [PFBMIm][PFs] and [CgC,Im][Tf,N], respectively, can be
destabilized by postdeposition of [CsC;Im][PFs] which opens new routes for selectively

104-105

removing specific ions or undesired components at IL/support interfaces. In principle,

this procedure of sequential deposition and selective desorption should further allow for an
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on-surface metathesis of ILs with varying ion combinations that are not directly accessible by

PVD (as for example alkyl imidazolium halides'**'®).
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Figure 16: Scheme of selective replacement at the IL/metal interface and subsequent desorp-
tion of a) [PFBMIm]|[PF¢] and b) [CsCiIm][Tf;N] after postdeposition of [CgC;Im][PFs].
Adapted in part from '**'% under license CC BY 4.0.

As mentioned above, [CsCIm][PFs] desorbs from Ag(111) and Au(111) in two steps

84,104-105 1 the metal surface

with multilayer desorption at 405 K and WL desorption at 445 K.
is, however, covered by one closed layer of the porphyrin 2H-TPP (see Table 1), the entire IL
film desorbs at 405 K, uncovering the porphyrin monolayer below.** The 2H-TPP layer acts
as a spacer between [CgC;Im][PFs] and the metals and effectively inhibits the specific
interaction of the ions with the metal, leading to a pseudo-multilayer behavior of the

[CsCIm][PFs] WL on 2H-TPP.**

Hessey and Jones'® studied the desorption of acetone from a layer of [CoCIm][Tf;N]
on Au(111) compared to the desorption of acetone directly from Au(111). They observed
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effectively no change in the desorption temperature (125 K) of acetone on Au(111) compared
to the acetone/IL/Au(111) system. In this example, however, the acetone seems to show no
strong adsorption to the Au(111) surface in the first place, as multilayers and monolayer

desorb basically at the same temperature.'®

3.5 Ion Exchange at the IL/Solid Interface [P2, P3]
In light of complex IL systems, composed of more than one type of ion pairs, and the effect of
the immediate presence of a metal surface on the film structure, this chapter deals with
phenomena that occur when ultrathin layers of two different ILs are successively deposited on
the Ag(111) surface. The results from temperature-dependent ARXPS demonstrate that al-

ready well below RT ion exchange processes can occur at the IL/metal interface.'**'%

3.5.1 Anion Exchange
For the two ILs [CsCIm][Tf,N] and [CgC;Im][PF¢] with the same cation but two different an-
1ons, the different chemical environments of the Frpn and Fpgg fluorine atoms result in distinct
chemical shifts of the respective F 1s binding energies in XPS. This allows for a direct com-
parison of the relative occurrence of the respective anion in the bulk (0° emission) and at the
surface (80°) of the IL films in the spectra in Figure 17. Changes in signal intensity by

varying the surface sensitivity in ARXPS directly reflect surface enrichment or depletion of

104-105

one of the anions.

18 F1s 80°
) [TEN; [PFJ

1.3 ML [C,C,Im][PF,]
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Figure 17: F 1s spectra in 0° and 80° emission for the clean Ag(111) crystal (I), after deposi-
tion of a WL of [CgCiIm][Tf,N] at 90 K (II), after deposition of 1.3 ML of [CsC;Im][PF¢] on
top of the [C3CIm][Tf,N] WL at 90 K (III) and after heating the resulting composite IL film
to 300 K (IV). Reprinted from '** under license CC BY 4.0.
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First, the equivalent of a WL of [CgCiIm][Tf,N] was deposited on Ag(111) at a tem-
perature of 90 K (see sketch in Figure 18) resulting in one signal in the F 1s spectra in
Figure 17-I1. At this low temperature, STM'* and ARXPS'® indicate the formation of flat
uniform films with crystalline and amorphous condensed phases, all with an overall

checkerboard arrangement of alternating anions and cations.

In a second step, 1.3 ML of [CsCIm][PF¢] were deposited on top of the WL of
[CsCiIm][T,N] at 90 K, resulting in a strong attenuation of the Frpn signal at 80° in

Figure 17-I11, as [CsC;Im][PF¢] homogeneously covers the underlying [CsCIm][Tf,N] layer.

As sketched in Figure 18-I11, no exchange of anions occurs at this point.'®*
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Figure 18: Scheme for the heating experiment after the deposition of [CgCiIm][PF¢] on top of
a WL of [CgCiIm][Tf,N] on Ag(111) at 90 K. The Roman numerals refer to the spectra in
Figure 17. Adapted from '™ under license CC BY 4.0.

This IL bilayer was then heated to RT. The RT spectra in Figure 17-1V clearly show
that [Tf,N] ™ anions resurface. The quantitative analysis of F 1s spectra from TP-XPS in the

surface sensitive emission angle of 80° is shown in Figure 19. Initially, there are no notable
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changes in the [PF¢]” and [Tf;N] peak intensities. Above 140 K, the [PF¢] signal (blue)
begins to decrease, while the [Tf;N] signal (green) remains constant up to 170 K. This
behavior is attributed to a reorganization within the uppermost layer, such that the octyl
chains enrich at the IL/vacuum interface and attenuate the [PF¢]™ signal at 80° as sketched in

104 Unaffected by this reorientation at the outer surface, the

Figure 18 (see also Chapter 3.5.2).
[TELN] anions remain at the IL/Ag(111) interface. Between 170 and 220 K, the exchange of
the anions at the IL/Ag(111) interface occurs, as the [Tf,N] signal increases while the [PF¢]
signal continues to decrease.'® The glass transition temperatures of bulk [CsCiIm][Tf;N] and
[CsCiIm][PF¢] (around 185 K'® 7125127 and 190 K, > '** 1*° respectively) correspond well to

this temperature range for the anion exchange.'*
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Figure 19: Intensities of the respective F 1s signals of the [PF¢] and [Tf;N] anions from TP-
XPS in 80° emission as a function of the sample temperature upon heating from 90 K to RT.
Reprinted with permission from ' under license CC BY 4.0.

Two driving forces are proposed to be cooperatively responsible for the replacement
of [CgCiIm][Tf,N] by [CgCiIm][PF¢] at the IL/Ag(111) interface and the enrichment of
[Tf,N] at the IL/vacuum interface. As deduced from the desorption temperatures of the neat
ILs on Ag(111) (see Chapter 3.4), the adsorption energy of [CsC,Im][PF¢] is considerably
larger than that of [CgCiIm][Tf,N]. Further, the preferential enrichment of [Tf,;N] at the
IL/vacuum interface is favored because of the lower surface tension of [CgCiIm][Tf,N]

compared to [CsCIm][PF¢] (see Table 1).8’ 104

3.5.2 Cation Exchange
Complementary to the anion exchange discussed above, the exchange of two cations at the

IL/Ag(111) interface was studied on the example of [PFBMIm][PF¢] and [CsCiIm][PFg].
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Again taking advantage of the different chemical environments of the five Fcpx atoms in the
side chain of the [PFBMIm]+ cation and six Fppg atoms in the [PF4] anion, the resulting
distinct F 1s binding energies (Fcpx at 689.1 eV, Fpps at 686.9 eV) allow for a direct
comparison of the relative occurrence in the bulk (0° emission) and at the vacuum interface

(80°) of the ultrathin films.'®

For the detailed investigation of the dynamics of the cation exchange process, first a
WL of [PFBMIm][PF¢], and in a second step 1.0 ML of [CsC Im][PF¢] were deposited at
82 K on Ag(111). ARXPS shows that [CgCiIm][PF¢] covers the WL of [PFBMIm][PF¢] and
no ion exchange occurs at the IL/Ag(111) interface due to the lack of mobility at this low
temperature.'” Upon heating this layered film at a rate of 2 K/min from 82 K to RT, the
thermal evolution of the F 1s and C 1s signals related to cations and anions was measured in
80° emission in situ. The result of the quantitative analysis of the individual C 1s (C,iy and

Chetero) and F 1s (Fcpx and Fppe) signals is shown in Figure 20.
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Figure 20: Thermal evolution of the respective F 1s and C Is signals in 80° upon heating of
the layered IL film to RT after the deposition of 1.0 ML of [CsC,Im][PF¢] on top of a WL of
[PFBMIm][PFs] on Ag(111) at 82 K. Heating rate 2 K/min. Reprinted with permission
from '°° under license CC BY 4.0.

Upon heating, a decrease of the Fpps signal (blue) is observed initially, while
simultaneously, the Cjiy1 signal (yellow) increases until 150 K. These changes are attributed
to the enrichment of the alkyl chains at the IL/vacuum interface, which — as already
mentioned in Chapter 3.5.1 — leads to the attenuation of the [PF¢] ions below. The alkyl

enrichment by reorientation is limited to the IL/vacuum interface and there is no change of the
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Fcry peak intensity (red) of the [PFBMIm]" cations at the IL/Ag(111) interface. Between 160
and 220 K, the cations at the IL/Ag(111) interface exchange, followed by the enrichment of
the pentafluorobutyl side chains of [PFBMIm][PF] at the vacuum interface at the expense of

[CgCllm]+ cations, as the Fcpy signal increases and the Cayiy1 sSignal decreases.'®

The temperature range of the cation exchange corresponds well to the glass transition
temperature of 190 K for bulk [CsC;Im][PFs],> '** which is in line with previous observations
that the bulk glass transition is in good agreement with temperature-programmed phase
changes in thin IL films on Ag(111)."**'*> While bulk [PFBMIm][PF¢] has a melting tempe-
rature of 339 K, the [PFBMIm]" cations within the mixed thin film become mobile already at

105

a much lower temperature. - This indicates that the mobility of the IL on top essentially

determines the temperature at which the exchange at the IL/metal interface can occur.

In line with the study of the anion exchange,'®*

two main driving forces are suggested
to be cooperatively responsible for the cation exchange at the IL/metal interface: A lower sur-
face tension of [PFBMIm][PFs] due to its fluorinated chain,*®**® favoring its enrichment at
the IL/vacuum interface, and a larger adsorption energy of [CgC;Im][PF¢] on Ag(111) com-

pared to [PFBMIm][PF] (see also Chapter 3.4).'%°

3.6 Replacement of IL by Porphyrins at Metal Interfaces [P4]
In analogy to the above mentioned examples of molecular exchange and preferential

104-105

adsorption after sequential deposition of two different ILs on Ag(111), studies of

organic bilayers on metals involving porphyrins and related aromatic molecules also reported

224225, 228, 266-271
exchange processes. .

These works highlight the importance of the strength of
the organic-metal interaction and how it relates to the stability and arrangement in stacked
multilayer architectures.??*?> 233 266 270. 212276 gupersies between the molecular classes of
porphyrins and ILs were realized for catalysis®® and dye-sensitized solar cell*”** technologies.
So far, the potential of these pioneering works has only been touched at the surface. In such
applications, the function, performance and stability of the organic thin films are strongly
determined by the properties of the interface to the support.'"*®* 677186 Thig chapter covers
temperature-dependent changes in the bilayer film structure of the IL [CgC;Im][PF¢] and
5,10,15,20-tetraphenylporphyrin (2H-TPP, see Table 1) at Ag(111) and Au(111) surfaces,

depicted in Figure 21.%

After deposition of 2H-TPP on top of a frozen film of [CgC;Im][PFs] at 84 K, the 2H-
TPP layer covers the IL film below. Heating this bilayer film subsequently to RT, a
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reorganization of the film arrangement at about 240 K was determined by TP-XPS.* All
intensities in Figure 22 remain mostly constant until the Fppg signal increases in one step by
almost 70%. The Cjiiy1 signal of the [CgCllm]Jr cation increases simultaneously by more than
100%, while the porphyrin-related C Is contribution decreases to 40%. This behavior
indicates the exchange of the IL molecules by the 2H-TPP molecules at the Ag(111) interface
and the concomitant enrichment of [CgC;Im][PF¢] at the IL/vacuum interface. Bilayers of

[CsC,Im][PFq] and 2H-TPP on Au(111) show effectively the same behavior.*

Figure 21: Scheme of the film structure in the heating experiment after the deposition of a
monolayer of 2H-TPP onto 1 ML of [CgCiIm][PFs] on Ag(111) at 84 K. Adapted with
permission from # under license CC BY 4.0.

In the temperature-programmed exchange studies in bilayered IL films with

[CsCiIm][PF¢] initially at the vacuum interface, **1%°

the onsets of diffusion were slightly
below the glass transition of about 190 K reported for bulk [CsCIm][PF¢]. '** The exchange
of [CsCIm][PF¢] by 2H-TPP at the Ag(111) surface occurs at a temperature that is about
50 K higher, which indicates that this exchange process is determined rather by the properties
of the porphyrin layer at the vacuum interface than the IL layer below as [CgC;Im][PF]
should already be liquid at a lower temperature. The delay of the exchange process to
considerably higher temperatures could result from a change in mobility of [CgC;Im][PFs]

due to the confinement of the IL film under the 2H-TPP layer,* *”” which itself is likely
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stabilized laterally by strong phenyl-phenyl bonds.®* 77178 219 227. 229, 236242, 278 1y ot

Thussing et al. also reported in studies of the thermal stability of organic bilayers a high
stability of the 2D-network of the top layer molecules due to strong intermolecular bonding,
limiting the mobility of the molecules at the metal surface below.”***** Note, in contrast to the
pure IL systems (Chapter 3.5), the IL film confined under the 2H-TPP layer shows no sign of

molecular reorientations (i.e. alkyl chain enrichment) prior to the actual molecular exchange.
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Figure 22: Thermal evolution of F 1s and C 1s spectra measured in 80° during heating after
deposition of a monolayer of 2H-TPP on top of 1 ML of [CgC;Im][PFs] on Ag(111) at 84 K.
Heating rate: 2 K/min. Reprinted with permission from ** under license CC BY 4.0.

As the exchange process is most likely driven by the larger adsorption energy of 2H-
TPP at the metal surfaces compared to the IL,* it is also possible that the shift of the tran-
sition to higher temperature could be the result of a higher activation energy for the
replacement of the IL by the porphyrin at the metal interface compared to the IL/IL films on
Ag(111).104105

This molecular-level UHV study on the replacement of the IL at the IL/metal interface
after postdeposition of porphyrins helps understanding processes at liquid/solid interfaces in
general, as it could be considered a general case of preferential adsorption of large molecules
on surfaces from solutions. Compared to the deposition from the gas phase, the deposition
from a liquid phase follows very different mechanisms and the resulting structures of the

organic layer on the surface could be different.®* %"
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Replacement effects of this kind are further related to stability concerns in IL-based
catalysts. One example could be the poisoning of a SCILL system, where the adsorption of
large molecular reactants might block the reactive sites on the surface irreversibly and would
lower the catalytic activity over time, similar to poisoning of Pt catalysts by sulfur or other
nonreactive species.’® 2**?%  Another example would concern SILP systems based on
metalloporphyrin derivates as catalytic centers.*® It would cause major challenges if the
complexes preferentially adsorb to the support surface and thus deplete from the liquid phase.
The catalytic system would lose the characteristic homogeneous nature of the catalyst and
possibly diminish its reactivity/selectivity. From an even more general point of view, the
observed exchange is also relevant for the stability of organic-organic heterostructures on
solid supports. If a porphyrin-based electronic device is prepared at one temperature but used
at higher temperatures, the increased mobility of the molecules could change the intended

structure of the layered film stack.

41



42



4. Summary
Thin films of ionic liquids (ILs) on high surface area solid supports are not only the key ingre-
dient to effective SCILL and SILP catalysis but further show increasing potential for wide-
spread use in other fields. For these thin IL film applications, the function, performance and
stability of the system are strongly determined by the interface properties. In this context, the
molecular-level ARXPS studies on model systems in ultra-high vacuum (UHV) in the present
study highlight fundamental aspects of wetting and film growth of various ILs on single-
crystalline Ag(111) and Au(111) supports, and of the structure and composition of the

IL/support and IL/vacuum interfaces of pure and mixed IL films.

The IL thin film growth on metal surfaces (Chapter 3.1, [P1, P2, P3, P4]) was studied

on the example of four imidazolium-based ILs. The variations in molecular structure (with or
without alkyl substituent or partially fluorinated side chain) and composition (different
counter ions, [TfN]™ or [PF¢]") allow for the derivation of certain structure-property relation-
ships regarding the points raised above. In agreement with literature, the formation of a closed
wetting layer (WL) on metal surfaces appears to be one general similarity for ILs, but the
intermolecular structure and molecular orientation at the interfaces seem to be determined
predominantly by the composition of the IL and less by the nature of the support. In the
present state, however, the variety of systems is still limited to a hand full of popular re-
presentatives. As homogeneous wetting is a crucial requirement for many applications, the re-
sults of this thesis provide an important basis for the deeper understanding of film morpholo-

gies in the later stages of thin film growth.

Time-dependent changes in the growth of IL films (Chapter 3.2, [P1]) were studied on

the example of [C;CiIm][TfaN] on Ag(111). This IL forms initially very pronounced 3D
islands on a WL which then slowly spread towards a more 2D structure over the course of the
measurement. [C,CiIm][Tf,N] on Au(110) was reported to behave similarly. As films of
[CsCiIm][Tf,N], in contrast, reveal no such time-dependent behavior, the observed
morphology changes appear to be related to the length of the alkyl substituents at the cationic

imidazolium head group.

The growth and desorption of 2H-TPP on Ag(111) and Au(111) (Chapter 3.3, [P4])

were characterized by ARXPS. As parameters like charge carrier mobility and device ef-
ficiency strongly depend on the molecular arrangement and orientation, the structure and sta-
bility of multilayer porphyrins is of utmost importance for applications in organic electronic

devices. Information on porphyrin multilayers on metal substrates — in general — as well as
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their thermal behavior is, however, scarce. The results of the present work indicate Stranski-
Krastanov-like growth for 2H-TPP on both metals, with 2D growth up to two closed
molecular layers and the formation of 3D islands on top of this bilayer. The thermal stability
of 2H-TPP multilayers on the metal surfaces was monitored through the thermal evolution of
XPS signals. On both surfaces, 2H-TPP multilayers desorb at the same temperature of about
450 K while the monolayer remains stable on the surface up to at least 500 K. At temperatures

above 525 K, the molecules in the 2H-TPP monolayer may be subject to decomposition.

The desorption of ILs from metal surfaces (Chapter 3.4, [P2, P3, P4]) plays a pivotal

role for thin IL film applications at high temperature, despite their commonly high thermal
stability and very low vapor pressures. By means of temperature-programmed XPS, the de-
sorption of pure and mixed films of ILs from Ag(111) and Au(111) was studied. While the
difference in the length of the alkyl chain between [C;C;Im][Tf,N] and [CsC;Im][Tf,N] leads
to a considerably lower multilayer desorption temperature of the former compared to the lat-
ter, the two ILs have similar desorption temperatures of the remaining IL WL on Ag(111).
The different anion in [CgCiIm][PF¢] results in both, higher multilayer and WL desorption
temperatures compared to [CgC;Im][Tf,N]. The stronger adsorption to the metal is likely rela-
ted to the smaller ion size and more localized charge. The similar WL desorption temperatures
of [CsCIm][PFs] on Ag(111) and Au(111) indicate comparable binding energies for the IL on
both metals. Bilayer films of [C3CiIm][PF¢] on 2H-TPP-covered Ag(111) and Au(111) are
stable up to above 100 °C, but the direct interaction of the IL with the metal surface is inhibi-
ted and the IL film desorbs entirely in the temperature range of multilayer desorption. In a
similar way, it is also possible to selectively desorb one IL from mixed IL films. The thorough
discussion of the results for IL desorption of this thesis with respect to literature studies pro-
vides a vantage point for obtaining a more comprehensive picture of the material properties at

elevated temperatures.

Ion exchange at the IL/solid interface (Chapter 3.5, [P2, P3]) and preferential enrich-

ment of ions at the vacuum interface were observed after the sequential deposition of ultrathin
films of two different ILs on Ag(111). After IL deposition at temperatures around 90 K, the
exchange processes occur upon heating to room temperature. The exact temperatures at which
the exchange occurs appears to be related to the bulk glass transition temperature of the IL on
top. Two driving forces are suggested to be responsible for the replacement at IL/solid inter-

faces, a lower surface tension of the mixed thin film and a higher adsorption energy of one of
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the ILs. The results highlight how the interface compositions of thin multi-component IL

films depend on the combination of ions and how they can be controlled via temperature.

The replacement of IL by porphyrins at metal interfaces (Chapter 3.6, [P4]) was stu-

died in light of the increasing interest in organic-organic multicomponent heterostructures on
metals. When the 2H-TPP is deposited on top of [CsC;Im][PF¢] at temperatures below 90 K,
the porphyrin molecules adsorb on top of the IL film at first, but replace the IL at the IL/metal
interfaces upon heating above 240 K. This exchange process appears to be driven by the
higher adsorption energy of 2H-TPP on the Ag(111) and Au(111) surfaces compared to the
IL. Such molecular-level UHV studies on the replacement of ILs by large organic molecules
at IL/metal interfaces help understanding processes at liquid/solid interfaces in general. In
comparison to the deposition from the gas phase, the deposition from a liquid phase follows
very different mechanisms and the resulting structures of the organic layer on the surface

could be different.
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5. Kurzfassung der Arbeit
In Form diinner Filme auf pordsen Triagermaterialien sind Ionische Fliissigkeiten (engl. lonic
Liquids, 1Ls) wesentlicher Bestandteil leistungsfahiger SCILL (Solid Catalyst with Ionic Lig-
uid Layer) und SILP (Supported lonic Liquid Phase) Katalysatorsysteme. Fiir diese und zahl-
reiche weitere Anwendungsgebiete diinner IL-Filme sind insbesondere die Grenzfldchen-
eigenschaften fiir die Funktionalitét, Leistungsfahigkeit und Stabilitdt der jeweiligen Systeme
von besonderer Bedeutung. Die Untersuchungen der vorliegenden Arbeit im Ultrahochvaku-
um mittels winkelaufgeloster Rontgenphotoelektronenspektroskopie (engl. Angle-Resolved X-
ray Photoelectron Spectroscopy, ARXPS) an Modellsystemen tragen in diesem Zusammen-
hang vor allem zum grundlegenden Verstindnis des Benetzungs- und Wachstumsverhaltens
von ILs auf Metalloberflichen sowie der Struktur und Zusammensetzung der Grenzflichen
IL/Metall und IL/Vakuum bei. Die Ergebnisse dieser Arbeit wurden eingehend unter Beriick-

sichtigung fritherer Erkenntnisse aus der Fachliteratur diskutiert.

Das Wachstum ultradiinner IL-Filme auf Metalloberflichen (Kapitel 3.1, [P1, P2, P3,

P4]) wurde fiir vier Imidazolium-ILs auf einkristallinem Ag(111) und Au(111) untersucht.
Die Variation der Molekiilstruktur des Kations (mit und ohne Alkylsubstituenten sowie mit
partiell fluorierter Seitenkette) und der jeweiligen Gegenionen ([Tf;N] und [PF¢])
ermoglicht hierbei die Ableitung belastbarer Struktur-Eigenschafts-Beziehungen fiir die unter-
suchten Systeme. Zusammenfassend ldsst sich sagen, dass fiir I[Ls auf Metalloberflichen
generell die Ausbildung einer geschlossenen molekularen Benetzungslage (engl. Wetting
Layer, WL) beobachtet wird. Molekulare Vorzugsorientierungen und supramolekulare An-
ordnungen innerhalb dieses WLs scheinen bevorzugt durch die jeweilige IL bestimmt zu
werden und lassen kaum Abhingigkeiten von der Art der Metalloberfliche erkennen; aller-
dings liegt erst eine geringe Anzahl an Systemen mit aussagekriftigen Studien vor. Da ein
gleichmifiges Benetzungsverhalten eine wesentliche Voraussetzung fiir viele Anwendungen
darstellt, bilden die vorliegenden Untersuchungen eine wichtige Grundlage fiir ein vertieftes

Verstiandnis der molekularen Zusammenhénge des Filmwachstums.

Zeitabhiingige Anderungen beim Wachstum von IL-Filmen (Kapitel 3.2, [P1]) wurden
an [C;CIm][Tf,N] auf Ag(111) untersucht. Nach Abscheidung aus der Gasphase bildet diese

IL zu Beginn ausgeprdgte dreidimensionale Inseln auf einem WL aus. Diese Inselstruktur
andert sich im Laufe zeitabhidngiger Messungen langsam hin zu einer flacheren Filmmorpho-
logie. Wahrend dhnliche Beobachtungen bereits zuvor in der Literatur fiir [C,C;Im][Tf,N] auf
Au(110) beschrieben wurden, zeigt [CsCIm][Tf;N] kein derartiges zeitabhingiges Verhalten.
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Die Unterschiede in der Molekiilstruktur der drei genannten ILs deuten auf einen Einfluss der
Kettenldnge der Alkylsubstituenten am Imidazolium-Kation auf dieses zeitabhingige

Benetzungsverhalten hin.

Das Wachstum und Desorptionsverhalten des Porphyrins 2H-TPP auf Ag(111) und
Au(111) (Kapitel 3.3, [P4]) wurde in dieser Arbeit ebenfalls mittels ARXPS untersucht. Bei

elektronischen Bauteilen, die auf organischen Diinnschichtmaterialien basieren, hidngt die
Effizienz und Mobilitdt von Ladungstrigern stark von der Anordnung und Orientierung der
Molekiile an den Grenzflachen und innerhalb der Schichten ab. Umfassende Kenntnis der
Struktur und Stabilitdt von Porphyrin-Multilagen sind daher unabdingbar fiir deren erfolg-
reichen FEinsatz in funktionalen Mehrschichtsystemen. Detaillierte Informationen zum
Multilagenwachstum von Porphyrinen auf Metalloberflichen sowie zur thermischen Stabilitét
fanden in bisherigen Untersuchungen jedoch wenig Beachtung. Die Ergebnisse der vor-
liegenden Arbeit deuten fiir beide Metalloberflichen auf ein zweidimensionales Wachstum
des Porphyrins 2H-TPP bis zur Vollendung der zweiten Molekiillage hin. Auf dieser
Porphyrin-Doppellage wachsen im weiteren Verlauf dreidimensionale Inseln (Stranski-
Krastanow-Wachstum). Die thermische Stabilitit der 2H-TPP-Multilagen wurde durch tem-
peraturprogrammierte (TP-)XPS-Messungen charakterisiert. Auf beiden Metalloberfldchen
desorbieren die Multilagen bei ungeféhr 450 K, wihrend die Porphyrinmolekiile in der Mono-
lage bis 500 K stabil sind. Oberhalb von 525 K kdnnen Zersetzungreaktionen auftreten.

Die Desorption von ILs von Metalloberfldchen (Kapitel 3.4, [P2, P3, P4]) spielt eine

entscheidende Rolle fiir die Einsatztemperaturgrenzen von ILs in Diinnschichtanwendungen.
Obwohl ILs in der Regel eine hohe thermische Stabilitdt aufweisen, kann der — bei Raum-
temperatur typischerweise extrem niedrige und dadurch meist vernachldssigbare — Dampf-
druck von ILs bei erhdhter Temperatur eine Beriicksichtigung des Desorptionsverhaltens
erforderlich machen. In dieser Arbeit wurde mittels TP-XPS-Messungen die Desorption von
ILs und IL-Mischungen auf Einfliisse der molekularen Zusammensetzung der IL und der Art
des Substratmaterials hin untersucht. Wahrend die unterschiedliche Lénge der Alkyl-
substituenten zu einer deutlich niedrigeren Multilagen-Desorptionstemperatur  von
[CiCiIm][TfN] im Vergleich zu [CsCiIm][Tf;N] fiihrt, zeigt die jeweils verbleibende
Benetzungslage auf Ag(111) fiir beide ILs die gleiche Desorptionstemperatur. Das Verhalten
der Multilagen ist im Einklang mit makroskopischen Untersuchungen des Dampfdrucks der
beiden ILs. Fiir die Adsorption auf der Metalloberfliche scheint der ionische Charakter der

ILs den Einfluss durch die unterschiedlichen Substituenten zu dominieren. Bei einer Variation
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des Gegenions verschiebt sich fiir [CsCIm][PF¢] im Vergleich zu [CsCIm][Tf,N] sowohl fiir
Multilagen als auch fiir die Benetzungslage auf Ag(111) die Desorption zu hoheren Tempera-
turen. Dies deutet auf eine stirkere Adsorption von [CgC;Im][PF¢] hin, welche wahrscheinlich
auf der geringeren Grofle und dadurch stirker lokalisierten Ladung beruht. Die Desorptions-
temperaturen fiir die Benetzungslage von [CgCIm][PF¢] auf Ag(111) und Au(111) liegen sehr
nahe beieinander, was auf &hnliche Adsorptionsenergien auf beiden Metalloberfldchen
hinweist. Komplexere Schichtsysteme in Form von [CsCiIm][PF¢]-Multilagen auf einer 2H-
TPP-Monolage auf Ag(111) bzw. Au(111) sind stabil bis iiber 100°C, jedoch wird die direkte
Wechselwirkung der IL mit der Metalloberfliche durch die Porphyrinschicht verhindert,
sodass in diesem Fall [CgC,Im][PFs] komplett im Bereich der Multilagendesorption
desorbiert. In Analogie dazu ist es ebenfalls moglich, eine IL aus einem gemischten IL-Film
selektiv zu desorbieren. Die Ergebnisse dieser Arbeit zum Desorptionsverhalten von ILs
wurden ausfiihrlich mit in der Fachliteratur verfiigbarer Studien verglichen und liefern einen
tragfdhigen Ausgangspunkt fiir eine umfassende weitere Klassifizierung dieser Material-

eigenschaften.

Ionenaustauschphdnomene an der IL/Metall-Grenzfldche (Kapitel 3.5, [P2, P3]) und

bevorzugte Anreicherung von Ionen an der IL/Vakuum-Grenzfldche wurden nach der aufein-
ander folgenden Abscheidung von zwei verschiedenen ILs auf Ag(111) beobachtet. Nach der
Abscheidung der IL-Filme bei niedrigen Temperaturen um 90 K treten die Austauschprozesse
beim Heizen bereits unterhalb von RT auf. Die Ergebnisse der untersuchten Systeme deuten
darauf hin, dass die Ubergangstemperaturen fiir den Ionenaustausch nahe der Glasiibergangs-
temperatur der jeweils oberen IL liegen. Zwei Triebkréfte fiir den Ionen-Austausch an der
IL/Metall-Grenzflaiche wurden identifiziert: Einerseits fithrt eine niedrigere Oberflidchen-
spannung einer der ILs zur bevorzugten Anreicherung an der IL/Vakuum-Grenzfliche,
wihrend andererseits die hohere Adsorptionsenergie einer IL zur selektiven Adsorption auf
der Metalloberfliche fiihrt. Die Ergebnisse zeigen anschaulich, wie die Grenzflachen-
zusammensetzung in komplexen IL-Filmen variabler Mischungszusammensetzung zum einen
von der jeweiligen Kombination der Ionen und zum anderen von der Temperatur abhingen

kann.

Der Austausch von IL durch Porphyrine an Metalloberfldchen (Kapitel 3.6, [P4]) wur-

de im Hinblick auf das wachsende Interesse an organischen Multikomponenten-Heterostruk-
turen auf Metalloberfldchen untersucht. Das Porphyrin 2H-TPP wurde hierfiir bei Tempera-
turen unterhalb von 90 K auf einen diinnen [CgC;Im][PF¢]-Film auf den Ag(111)- und
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Au(111)-Oberflachen abgeschieden. Die Porphyrinmolekiile adsorbieren dabei zunichst auf
dem IL-Film. Wird das System iiber 240 K erwirmt, ersetzt 2H-TPP die IL an der IL/Metall-
Grenzfldche. Dieser Austausch geht vermutlich auf die wesentlich héhere Adsorptionsenergie
des 2H-TPP im Vergleich zu [CsC,Im][PF¢] auf den beiden Metalloberflichen zuriick. Die
vorliegende Untersuchung zeigt auf molekularer Ebene wie ILs durch andere organische
Molekiile an der IL/Metall-Grenzfldche verdringt werden kdnnen und hilft dadurch beim all-
gemeinen Verstdndnis von Prozessen an fliissig/fest-Grenzflichen. Dariiber hinaus folgt die
Abscheidung aus der Gasphase im Vergleich zur Abscheidung aus der fliissigen Phase sehr
unterschiedlichen Mechanismen und kann als Resultat zu wesentlich anderen Strukturen

innerhalb der organischen Adsorbatschicht auf der Metalloberfldche fiihren.
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8. Appendix

8.1 Atomic Sensitivity Factors for XPS
The atomic sensitivity factors (ASFs) that were used for the quantitative analysis of the XPS
spectra in this work are provided in Table 4 along with the constraints for fitting the P 2p and
S 2p signals, that is, the ratio between the two spin-orbit split components of the core level,
the relative full width at half maximum (FWHM) of the two lines, and the separation in
binding energy.
Table 4: ASFs and constraints (peak ratio, full width at half maximum (FWHM), peak

separation (AE,)) for fitting the two peaks of the 2p core levels, used for the quantitative
analysis of XPS data.

Core level Cls Fls N Is O1ls P2p S 2p
ASF 0.21 1 0.36 0.60 0.31 0.41
Peak ratio . .
(1/2 to 3/2) 12 12
FWHM Set equal Set equal
AE, / eV 0.90 1.18

8.2 Calculated IL Monolayer Heights
The height h of 1 ML of various ILs as calculated with Eq. 4 is shown in Figure 9. Table 5
provides the corresponding values for the homologous series of [C,C;Im]" cations with
[Tf,N] and [PF¢] anions.

Table 5: Calculated monolayer height h for ILs of the homologous series of [C,C;Im]X with
[Tf,N] and [PF¢] anions. The values are based on density data from literature as indicated.

n [C,,Cllm] [szN] [CnClIm] [PF6]
1 0.74%

2 0.75% 147 0.65'7°

4 0.798, 147 0.70147, 180, 182
5 0.72'%2

6 0.828’ 147 0.74147, 181-182
7 0.75'%2

8 0.848’ 128 0.778, 147,182
9 0.79'%2

10 0.87% 147 0.80'

12 0.89°

14 0.92'%
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8.3 Variation of X-Ray Gun Power During Time-Dependent XPS
To investigate a possible influence of X-rays on the IL growth, the time-dependent behavior
of [C,Ci{Im][Tf,N] films after IL PVD on Ag(111) at RT (¢f. Chapter 3.2) was measured with
varying power of the X-ray gun during time-dependent XPS. Figure 24a shows the temporal
evolution of the intensity ratio I;/I, of the Ag 3d core level of the supporting Ag(111) for
three films of similar thickness (about 1.5 to 2.0 nm nominal thickness) at emission currents
between X-ray gun filament and anode of 2 and 20 mA, respectively. This difference in
emission current directly results in a variation of the photon flux by a factor of ten (which also
means, the signal intensities in XPS are by a factor of ten lower for 2 mA than for 20 mA).
For reference, the 0° data from Figure 12a'® is included in Figure 23a. Comparing the curves
in Figure 23a, the morphology changes in the film are considerably slower for the lower
emission current of 2 mA. At 20 mA, the peak intensity levels off after less than 60 min,
whereas at 2 mA, the intensity only begins to decrease after this period and seems to level off
only after more than 6 hours. The plot of absolute signal intensities in Figure 23b shows how
the F 1s signal related to the [Tf;N] anion of the IL increases correspondingly on the same
time scales as the Ag 3d signal decreases. Notably, the shapes of the individual XP peaks

show no sign of beam damage.
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Figure 23: Temporal evolution of the Ag 3d (support) and F 1s (IL) signal intensities from
time-dependent ARXPS of the IL films of [C,CIm][Tf,N] after ending the IL deposition of
equivalents of approximately 2 ML on Ag(111) at RT. a) I;/I, (Ag 3d) and b) absolute
intensities of Ag 3d and F 1s core levels. The emission current between filament and anode of
the X-ray gun was varied between 2 and 20 mA, that is, a variation of the power from 24 to
240 W (at 12 kV). I;/I, (Ag 3d) data for 20 mA (squares in a) adapted from Ref. '. See also
Figure 12a.

The time-dependent decrease of the intensity of the Ag 3d signal observed experimen-

tally after ending the deposition indicates the slow transformation of the [C;C;Im][Tf,N] film
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towards a flat morphology, as concluded from the stronger signal attenuation of the sup-
porting Ag crystal.'” The simultaneous increase in the IL-related F 1s signal intensity sup-
ports this assumption. The interpretation provided in Chapter 3.2 was that flat films are
thermodynamically more stable than pronounced 3D islands.'™ In line with a similar study by
Foulston et al.,"*® the initial 3D islands that form during IL deposition were assumed to be ki-
netically stabilized and flatten only slowly over time.'®® The results of Figure 23 indicate that
the magnitude of the X-ray photon flux during measurement affects the timescale of the mor-
phology changes as well. The origin of this effect is not clear at the moment. One possibility
is that the X-rays induce a small number of defects (too few to be detected in XPS) in the WL
or in the form of isolated fragments on top of it which serve as additional nuclei for 2D island
formation. Hence, the flattening process described in Chapter 3.2 towards a thermody-
namically more stable 2D layer could be accelerated by these nuclei. While local temperature
changes due to the varying power of the X-ray source can be ruled out, other possible factors
accelerating the transition to 2D islands might be an enhanced emission of ion pairs or ions
from the 3D islands due to processes stimulated by X-rays (or secondary electrons), or due to
repulsive Coulomb interactions after the photoemission (and subsequent de-excitation proces-
ses): As charge neutralization by electron transport from the metal substrate requires some

time, the accumulated positive charge in a 3D island could depend on the photon flux.

After deposition of the same amount of [C;C,Im][Tf;N] on Ag(111) at 90 K, initially a
film thickness of 2.0 nm is determined from XPS. Upon heating to RT, this apparent film
thickness decreases from 2.0 to 0.7 nm, indicating changes in the film morphology towards
the formation of pronounced 3D islands. Similar morphology changes were observed by Syres
and Jones for [CgC;Im][BF4] on Cu(111) upon heating to RT after deposition at 120 K."*® For
the initial characterization of the film of [C;CIm][Tf,N] on Ag(111) after deposition at 90 K,
the X-ray exposure was limited to 6 min at 20 mA emission current of the X-ray gun. The
temporal evolution of the Ag 3d and F 1s signals in Figure 24 from time-dependent XPS after
heating to RT shows that the IL then behaves identical compared to a film deposited at RT.
The ratio of I;/1, (Figure 24a) as well as the absolute intensity of the Ag 3d core level
(Figure 24b) related to the Ag(111) crystal decrease at the same rate for both preparation
routes from similar starting to final intensities while the F 1s intensity (Figure 24b) related to

the IL anion simultaneously increases.
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Time-dependent spreading of IL droplets was also reported in AFM studies on

187, 191

mica. These experiments were, however, conducted in absence of ionizing radiation and

the morphology changes occurred on the time-scale of tens of hours.
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Figure 24: Temporal evolution of the Ag 3d (support) and F 1s (IL) signal intensities from
time-dependent XPS (0°) of films of [C,C,Im][Tf,N] after ending the IL deposition on
Ag(111) at RT (red circles) and after heating to RT after IL deposition at 90 K (blue tri-
angles). a) I;/1, (Ag 3d) and b) absolute intensities of Ag 3d and F 1s core levels.
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8.4 Technical Drawings of the IL Evaporator Parts

The complete technical drawings of the IL evaporator parts are provided on the following

pages.
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8.5 Technical Drawing of the Single Crystals
The technical drawing in Figure 25 shows the geometry of the Ag(111) and Au(111) single
crystals used in this thesis. See also Chapter 2.1.2.
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Figure 25: Technical drawing of the single crystals used in this thesis.



8.6 Publications [P1-P4]
The individual publications [P1, P2, P3, P4] are provided on the following pages along with

the corresponding Supporting Information.
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