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Various amounts of the ionic liquids (ILs) [C;C4Im][Tf,N] and [CgC4Im][Tf,N] were deposited in vacuo by
physical vapour deposition (PVD) on single crystalline Ag(111) at room temperature and subsequently
monitored by angle-resolved X-ray photoelectron spectroscopy (ARXPS) as a function of time. For
very low coverages of up to one closed molecular layer, an initial wetting layer was rapidly formed for
both ILs. Deposition of higher amounts of [C;CiIm][Tf,N] revealed an initial three-dimensional
film morphology. On the time scale of hours, characteristic changes of the XPS signals were observed.
These are interpreted as island spreading and a transformation towards a nearly two dimensional

Received 3rd March 2018, [C1C1ImI[Tf,N] film as the final state. In contrast, a film morphology close to 2D was found from the very

Accepted 10th April 2018 beginning for [CgC4Im][Tf,N] deposited on Ag(111) demonstrating the influence of the alkyl chain length
on the growth kinetics. These studies also highlight the suitability of time-resolved ARXPS for the

investigation of IL/solid interfaces, which play a crucial role in IL thin film applications such as in
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1. Introduction

Ionic liquids (ILs) are salts with relatively low melting points,
often even below room temperature (RT). Besides numerous bulk
applications using ILs as solvents, reaction media, or electrolytes,
the extremely low vapour pressure of ILs has also led to the
development of completely new concepts for IL thin film applica-
tions. In catalysis, thin layers of ILs on solid materials are applied
e.g. in SILP (Supported Ionic Liquid Phase) and SCILL (Solid
Catalyst with Ionic Liquid Layer) systems.'™ In this context, and
also from a more general point of view, the structure and
composition of the IL/solid interface is of great interest in order
to understand the adsorption and wetting properties of ILs on
solid surfaces. While the wetting of ILs has been studied quite
extensively on the macroscopic and mesoscopic scale, mostly by
contact angle measurements and atomic force microscopy (for a
review see ref. 4), only a few studies are available on the molecular
scale. Detailed knowledge of the interface properties is, however,
indispensable in order to tailor systems for specific applications,
not only in catalysis, but also in other fields such as in lubrication
and sensor technology.”® One approach for monitoring the
interaction of ILs with solid surfaces is based on ultra-high
vacuum (UHV) surface science methods, which allow for studying
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catalysis, sensor, lubrication, and coating technologies.

model IL systems under ultra-clean conditions with atomic level
accuracy.” '* Since 2008,"" in vacuo physical vapour deposition
(PVD) of ultrathin IL films combined with angle-resolved X-ray
photoelectron spectroscopy (ARXPS) has proven to be a well-
established method to investigate IL/solid interactions, wetting
behaviour, and IL film growth in the coverage range from less
than a monolayer to several multilayers."™"” Some studies have
shown ways to control the liquid/solid interface, e.g. through
modification of the IL'>'>'® or the solid surface,'*'® or simply
by variation of the temperature of the support."*** On the
herringbone-reconstructed Au(111) surface, the formation of the
IL/solid interface in the sub-monolayer range, and the growth
mode of subsequently deposited IL multilayers at RT were studied
in great detail by ARXPS for two related ILs.">"” The first was
1,3-dimethyl imidazolium bis[(trifluoromethyl)sulfonyl]-imide
([C1C4Im][T£,N]), that is, an IL with two methyl groups at the
imidazolium cation, and the second was 1-methyl-3-octyl imid-
azolium bis[(trifluoromethyl)sulfonyl]-imide ([CsC,Im][Tf,N]),
that is, the same IL with one octyl chain instead of one of the
methyl groups; see Fig. 1. These systems serve as a reference for
the adsorption on the non-reconstructed Ag(111) surface in the
present study. For both ILs, the formation of a two-dimensional
wetting layer (WL) is observed on Au(111) in the sub-monolayer
coverage range.'” Low-temperature scanning tunnelling micro-
scopy (STM) studies of [CgCiIm][Tf,N] and [C,CiIm][Tf,N]
showed that the nucleation of stable 2D islands typically starts
at the steps of the underlying reconstructed gold surface.”’
Notably, even at temperatures as low as ~90 K mobile ions are
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Fig. 1 Molecular structures of (a) 1,3-dimethyl imidazolium bis|(trifluoro-
methyl)sulfonyll-imide, [C;C1Im][Tf,N], and (b) 1-methyl-3-octyl imidazolium
bis|(trifluoromethyl)sulfonyl]-imide, [CgC4ImI[Tf,N].

found with STM at the edges of these islands, and above
~200 K individual molecules could not be further resolved
on the STM time scale due to their high mobility.>" Hence, at
RT, the WL presumably resembles a 2D liquid phase of highly
mobile ions more than a stationary phase of strongly adsorbed
ions. Within this WL, at low temperatures® and at RT,"? [Tf,N]~
anions and [C,C,Im]" cations are, on average, adsorbed next to
each other in an alternating arrangement, that is, in a so-called
checkerboard structure. The [Tf,N]|™ anions are preferentially
bound in a cis conformation with the polar SO, groups pointing
towards the metal surface and the CF; groups pointing towards
the vacuum, whereas the imidazolium ring of the cations is
preferentially oriented parallel to the surface. In the case of
[CsC,Im][T£,N], the octyl chains initially lie horizontally on the
surface to maximise the van der Waals interactions with the
metal. When the WL gets close to completion, reorientation
occurs with the octyl chains preferentially bending away from
the surface to maximise adsorption of the polar head groups of
anions and cations.">*! For multilayer adsorption of [C,C,Im][Tf,N]
and [CgCqIm][Tf,N] on Au(111), 2D layer-by-layer growth is
observed, as is deduced from the attenuation characteristics
of the underlying gold core level signals in ARXPS."* Note that
for multilayer coverages, no stable STM pictures could be taken
even at liquid nitrogen temperature.

In the ARXPS experiments for ILs on Au(111) described
above,"” no obvious time-dependent changes were observed.
For the structurally more corrugated Au(110) surface, however,
Foulston et al. recognised in time-dependent ultraviolet photo-
electron spectroscopy (UPS) experiments that after depositing
more than one molecular layer of [C,C,Im][Tf,N], a slow decay
in the gold s-band signal intensity occurred over time.>°
The authors attributed the observed behaviour to the initial
formation of three-dimensional IL droplets on top of the first
wetting layer, which then spread towards a more homogeneous
film. It should be noted that the clean 2 x 1-reconstructed
Au(110) surface undergoes a (3 x 1)-reconstruction after coating
with one layer of ions, which might have an influence on the
spreading mechanism.

In contrast to the situation for Au(111), the growth of ultra-
thin IL layers on Ag(111) as a model support for IL films at RT
has been much less investigated up to now. Notably, Ag(111)
does not reconstruct like Au(111) and Au(110), neither as a clean
surface nor after adsorbing thin layers of [C;C,Im]Tf,N] or
[CsC{Im][Tf,N]. Due to its low reactivity towards the chosen
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ILs, it is a good candidate for investigating IL-inherent film
growth dynamics, that is, without potential structural changes of
the substrate. Moreover, metallic silver is interesting, because
it is a catalyst, e.g. in oxygen-assisted coupling reactions, as
has been shown for Ag/Au alloys, where molecular oxygen is
activated by surface silver atoms.>>** Potential applications of
these alloy systems in SCILL catalysis raise additional interest in
molecular level studies of the interaction of Ag with ILs.

Low-temperature STM investigations report that sub-
monolayer amounts of [C,C,Im][Tf,N] and [CsC,Im][Tf,N] exhibit
a similar mobility on Ag(111) as on Au(111); only at temperatures
below 200 K, condensed phases are formed and immobile ions
could be observed by STM in the sub-monolayer regime. However,
even below 100 K, indications of a mobile liquid 2D phase in
equilibrium with the condensed phase were observed.”!

In this work, the time-dependent behaviour of multilayer
[C1C1Im][Tf,N] and [CgC,Im][Tf,N] films deposited on Ag(111)
at room temperature will be investigated using ARXPS. It will be
shown that the characteristic difference between these ILs -
that is the long octyl chain substituent at the imidazolium head
group - leads to very different initial film morphologies and, in
the case of [C;C;Im][Tf,N], to slow changes on the time scale of
hours. As final states, nearly flat films are obtained for both
ILs. Our findings might be relevant for all applications where
coatings of thin IL layers on solid surfaces are used.

2. Experimental

The round Ag(111) single crystal with a diameter of 15 mm and
a thickness of 2 mm was 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°. It was mounted to a
Mo sample holder and fixed with a Ta wire. Surface preparation
was done in UHV by sputtering with 0.6 keV 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), respectively. The ionic liquids [C;C;Im][Tf,N] and
[CsC,Im][Tf,N] were synthesized under ultrapure conditions
according to previous publications.>*

For our study, we used a two-chamber UHV system for
preparation (sputtering, annealing, IL PVD, LEED) and analysis
(ARXPS), with a base pressure of 5 x 10~ " mbar. We deposited
the defined amounts of IL onto the freshly prepared Ag(111)
crystal via PVD, using a Knudsen cell."” The cell temperatures
during evaporation ranged from 380 to 430 K, at a maximum
chamber background pressure of 2 x 102 mbar. In this tem-
perature range, the ILs evaporate and arrive on the target surface
as single ion pairs without any signs of decomposition as reported
earlier in the literature."”***® This behaviour was confirmed by
comparing XP spectra of our deposited films to the spectra of
macroscopically thick IL films prepared ex situ (see Tables S1 and
S2 in the ESIt). The IL flux was checked using a quartz crystal
microbalance (QCM) for each deposition experiment in order to
verify the stable evaporation rates. IL deposition rates at the
Ag(111) surface between 0.02 and 0.7 nm min~" were employed.

This journal is © the Owner Societies 2018
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IL deposition started when the temperature of the previously
annealed silver crystal was between 295 and 320 K, unless
stated otherwise. Above 330 K, IL multilayer desorption effects
started to occur during extended ARXPS experiments. For the
study of ultrathin IL films, X-ray beam damage plays a crucial
role.” In order to avoid undesired effects due to high X-ray
doses, each film for one deposition experiment was freshly
prepared on a clean Ag(111) surface after completely removing
the previous film by sputtering and annealing.

The XP spectra where acquired with a VG SCIENTA R3000
hemispherical electron analyser at polar emission angles of
3 = 0° and 80° with respect to the surface normal using a non-
monochromated SPECS XR 50 Al Ko X-ray source (1486.6 eV
photon energy) at a power of 240 W. All spectra were measured
with a pass energy of 100 eV yielding an overall energy resolu-
tion of about 0.9 eV.

Background subtraction and peak fitting was done using
CasaXPS V2.3.16Dev6. The background of the Ag 3d core level
was subtracted with the Shirley method.*® F 1s, O 1s and S 2p
core levels were treated using a two-point linear background,
C 1s with a three-point linear background. In the N 1s region, the
overlap with plasmons, shake-up satellites and the inelastically
scattered electrons of the Ag 3d lines made the subtraction
of an additional background necessary.>’*° The N 1s spectra
shown herein result from a least-squares fit of the IL N 1s peaks
and the Ag 3d satellites (constrained to the parameters of
the clean Ag(111) surface) followed by a subtraction of the Ag
satellite contributions from the raw signal.*® For further
details, see the ESL{ The IL spectra were fitted with a Voigt
profile (30% Lorentzian contribution). For the C 1s spectra, a
constraint of the full width at half maximum fwhm(Cpe) = 1.11 X
fwhm(C,y,), was applied in accordance with previous studies.'*?*
For the ultrathin IL films, all binding energies (BEs) reported
were referenced to the silver Fermi edge, yielding a binding
energy for the Ag 3ds/, signal of 368.2 eV.

The IL film growth on Ag(111) was monitored through the
changes in the Ag 3d intensity upon IL deposition. For a homo-
geneous 2D IL film of thickness d, the intensity of the Ag-related
signal, Iy, should be attenuated with respect to the intensity of
the clean crystal, I,, by inelastic scattering according to:

— — ¢ Jcosd (1)

3 is the detection angle relative to surface normal and 4 the
inelastic mean free path of the electrons, which depends on the
kinetic energy of the respective core level and the composition
of the IL film.*" For Ag 3d electrons with a kinetic energy
around 1.1 keV, a value of 1 = 2.5 nm was used for the ILs
[C1C4Im][Tf,N] and [CsC,Im][Tf,N]. This value was obtained by
linear interpolation of values for 1 of previous measurements
of these and similar ILs at higher and lower kinetic energies on
gold, graphene, mica, nickel, nickel oxide and silicon oxide
substrates.'* %32 For quantifying the attenuation of the
substrate, the numerically integrated area of the Ag 3d region
(Ag 3ds, + Ag 3ds,, levels) between 360 and 380 eV after
background subtraction was used.
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Fig. 2 Attenuation of the Ag 3d intensity in 0° and 80° emission angles as a
function of the layer thickness d of the ILs [C;CiImI[Tf,N] and [CgCyImI[Tf,N]
on Ag(111) at RT. The curves for 2D growth are calculated from egn (1) with an
inelastic mean free path 4 of 2.5 nm and the corresponding detection angles.

For the sake of clarity, it should be noted that for ideal layer-by-
layer growth (ie., the full completion of a layer is achieved before a
new layer starts to grow on top) the substrate signals should decrease
in a section-wise linear fashion for each layer.'*'*** The statistics of
our data are, however, not good enough to unequivocally resolve
such slope changes between adjacent straight sections. In order to
detect deviations from 2D film growth, we calculated the mean film
thickness d for a given deposition experiment from the experimental
I4/I, ratios at 3 = 0°, that is, in the bulk-sensitive emission geometry,
according to eqn (1)."> With the obtained d value, the expected
attenuation at 3 = 80°, that is, in the surface-sensitive emission, was
then calculated using the same equation (see dashed line in Fig. 2).
While the agreement between the experimental data at 80° and the
calculation at 80° indicates 2D growth, I4/I, ratios above the calcu-
lated curve indicate a 3D morphology of the IL film; such behaviour
has been described for several other systems."*>'%** Notably, in the
present study the IL films with a 3D morphology (in particular
[C1C4Im][T,N]) were found to change their morphology towards 2D
over time, as evidenced by a change of the I/, ratio after IL
deposition was stopped. Therefore, all the mean IL layer thicknesses
d denoted in this work were derived only after these changes levelled
off, that is, when maximum attenuation of the silver signals - and
thus, a sort of final state — was reached; this was typically the case
between one and two hours after the IL deposition.

In accordance to previous publications, 1 ML is defined
as a closed double layer of ions irrespective of their relative
arrangement.'''*>18 The corresponding height  is estimated
from the cube root of the molecular volume V,, of the
respective IL

=V = (L )
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with M is molecular mass, p is density of the IL and N, is
Avogadro’s constant.>* According to this relation, % is 0.73 nm
for [C,C;Im][Tf,N] and 0.84 nm for [CgC,Im][Tf,N] using the
values for V,, from the literature.>*

Time-dependent
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
only be obtained approximately 4 minutes after the end of the
IL deposition. For the subsequent acquisition of spectra at 0°
and 80° the sample had to be rotated between measurements.
Changing the sample angle between the scans had no noticeable
influence on the outcome of the time-dependent measurements.
The acquisition time for the Ag 3d region was approximately
2 minutes. The time values given in the corresponding figures
represent the start of each measurement.

ARXPS measurements were started

3. Results and discussion

3.1. Growth of [C;C,Im][Tf,N] and [CsC,Im][Tf,N] on Ag(111)

Fig. 2 shows the attenuation of the Ag 3d substrate signal I4/I,
as a function of the IL film thickness after deposition
of [C,C,Im][Tf,N] and [CgC,Im][Tf,N] on Ag(111) for 0° and
80° emission. The thickness values d correspond to times
after deposition, when no further changes were observed (see
Section 3.2); for [C;C,Im][Tf,N], this could last in some cases
for more than 1 h after the end of the deposition. Both ILs
exhibit similar attenuation characteristics for increasing amounts
of IL deposited. As expected, the substrate signal intensity
decreases with increasing film thickness. Up to 0.5 ML coverage,
the measured 0° and 80° intensity ratios I/l strictly coincide
with the calculated values (solid and dashed lines, respectively),
indicating the formation of a 2D wetting layer (WL) on Ag(111); a
similar behaviour was already observed for the growth of both
ILs on Au(111)."?

Upon further deposition on Ag(111), we find that the values
for 80° are systematically larger than the calculated curve,
indicating a certain degree of 3D morphology. This contrasts
the situation on Au(111), where a more or less perfect 2D layer-
by-layer growth was observed in the IL multilayer range.
Pronounced 3D island growth on top of a WL was, however, also
observed in ARXPS measurements for [C;C,Im][Tf,N] deposited
on Ni(111)," and even more pronounced, on a single graphene
layer on Ni(111).* Since on Ag(111) only small deviations from the
curve for ideal 2D growth are found for both ILs, the films finally
obtained are considered to be more or less flat as indicated by the
right scheme shown at the bottom of Fig. 2.

In the following, the molecular arrangement within the
WL on Ag(111) will be discussed in detail for both ILs. We
want to emphasize that the structures and the preferential
orientations discussed here should not be considered as rigid
but as averaged configurations, due to the high mobility of the
ions at RT. Fig. 3 shows the C 1s spectra measured at 80°
for [C,C,Im][Tf,N] films of varying thickness, ranging from
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Fig.3 C 1s core level spectra in 80° emission for PVD films of
[C1C1ImI[Tf,N] on Ag(111) (at RT) from sub-monolayer coverages to multi-
layers compared to a macroscopic (thick) film. Upon completion of the

wetting layer, the Chetero Peak shifts by about +0.3 eV while the C,nion peak
shows no significant shift.

sub-monolayer coverage to multilayers, for a macroscopic film
prepared ex situ (topmost spectrum), and for the clean Ag(111)
surface (bottom spectrum). The two distinct signals Cupion at
~293 eV and Chetero at ~287 €V correspond to the two carbon
atoms in the CF; groups of the [Tf,N]  anion and the five
carbon atoms in the imidazolium cation bound to the hetero
atom nitrogen, respectively. Consequently, the C 1s region
allows for the simultaneous analysis of both the cations and
anions. The quantitative XPS analysis of the spectra is shown in
Fig. 4. Because the IL adsorbs in the form of neutral ion pairs
on the surface, deviations from the expected stoichiometry have
to be assigned to the arrangement and orientation of the ions.
For film thicknesses below 0.5 ML, the ratios of the anionic to
cationic carbon atoms are around 0.7 (similar to [C;C,Im][Tf,N]
on Au(111)"), which is considerably larger than the nominal
ratio of 2:5 = 0.4. This observation is attributed to the strong
damping of the cation signals due to a specific adsorption
geometry: the imidazolium head groups lie parallel to the metal
surface and the larger anions adsorb with a cis conformation in
an upright geometry, that is, with the oxygen atoms pointing
toward the surface and the CF; groups away from the surface.
In this arrangement, due to their orientation and larger size,
the anions in the checkerboard structure extend, on average,
farther away from the Ag surface than the cations and thus
attenuate the cation signals at 80° due to inelastic scattering;
see sketch in Fig. 5 (top)."> Low-temperature STM studies of
similar ILs also showed this adsorption geometry of the [Tf,N]~

This journal is © the Owner Societies 2018
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Fig. 4 Ratio of the Canion t0 Chetero Peak areas in the C 1s region (80°
emission) as a function of the film thickness in ML of [C;C4Im][Tf,N] on
Ag(111) at RT. The horizontal lines mark the nominal ratio (0.4) and the ratio
observed for macroscopic (thick) films in 80° emission (0.47). The devia-
tions for the thick film from the nominal ratio are due to a preferential
surface enrichment of the CF3 groups of the anion.

anion on Ag(111).”" We also studied the sub-monolayer films of
[C1C4Im][Tf,N] on Ag(111) by LEED (see ESIt). The absence of
any super structure spots around the substrate related (1 x 1)
spots confirms that, as expected, the Ag(111) surface does not
undergo reconstruction upon IL deposition.

Above 0.5 ML, the Capion t0 Chetero ratio gradually decreases
to a value of ~0.47 for films thicker than 1.5 ML; see Fig. 4.
This final value is also observed for macroscopic films of this
IL.">"*%3> Apparently, above 1.5 ML the templating influence
of the solid/liquid interface on the structure in the remaining
IL film is overcome and a liquid/vacuum interface structure like
that of the macroscopic [C;C,Im|[Tf,N] films develops, as
shown schematically in Fig. 5.

Next, we discuss the behaviour of the IL with the octyl chain,
[CsC4Im][Tf,N], on Ag(111). Fig. 6 shows the corresponding C 1s

E

R F
[ FT  cation FWF anion
N I8y

vacuum

[ R E R F

T e

[ Ag(111) | <0.5ML
vacuum
F)< )4 ‘(X o/n’,QF §Vi
//\\ l\\ ” R
R \ R E R F
re FJE“‘%\% SQ% Su w

Fig. 5 Schematic of the different stages of the film growth from a
checkerboard (top) for coverages <0.5 ML to a still preferentially anion
enriched, but less structured multilayer vacuum interface.
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Fig.6 C 1s core level spectra in 80° emission for PVD films of
[CgCyImI[Tf,N] on Ag(111) (at RT) from sub-monolayer coverages to multi-
layers compared to a macroscopic (thick) film. Towards the completion of
the WL the Cyy peak shifts by about +0.5 eV while the Cynion peak appears
to remain almost unshifted up to multilayer coverages (for details see text).

spectra measured at 80°, along with a spectrum of the clean
Ag(111) surface (bottom spectrum). In addition to the carbon
signals discussed for [C;C;Im][Tf,N], we now find a third
contribution at ~285 eV, due to the seven Cyjiy carbon atoms
of the aliphatic side chain of the imidazolium cation; the
remaining carbon atom of the octyl chain is part of the Chetero
peak at 287 eV. With increasing film thickness, the ratio of
the Chetero to the Cyyy peak intensities in Fig. 7 shows strong
changes. At low coverages, this ratio is ~0.65 which is close to
the nominal ratio of 0.71 (=5:7). In agreement with the find-
ings on Au(111),"* this behaviour is attributed to an adsorption
geometry of the cation, where both the ring and the alkyl chain
lie flat on the surface, thereby maximising the interactions with
the substrate. Similar to the situation for [C;C,Im]Tf,N] on
Ag(111) discussed above, the ratio of Cypjon t0 Chetero initially is
~ 0.7 for the initial WL, indicating an analogous anion adsorp-
tion geometry with cis conformation, that is, with the CF;
groups pointing away from the surface. Upon completion of
the WL at ~ 0.5 ML, the ratio Cpetero t0 Cainy changes quickly to
a value of about ~0.35, which indicates a pronounced surface
enrichment of the alkyl chains; this surface enrichment is even
stronger than that for thick films, where a ratio of about 0.45
is observed.'>'*?%%> Again, this behaviour is similar to that
described for Au(111), where the following mechanism was
proposed, which should also be valid here: as the WL closes,
it becomes energetically more favourable for the alkyl chains
to bend away from the surface, thereby allowing additional
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Fig. 7 Ratios of the Chetero t0 Caiyt (top) and the Canion t0 Chetero (Dottom)
peak areas in the C 1s region (80° emission) as a function of the film
thickness of [CgCyIm][Tf,N] on Ag(111) at RT. The horizontal lines mark the
nominal ratios and the ratios observed for macroscopic films in 80°
emission. The deviations of the thick films from the nominal respective
ratios are due to a preferential surface enrichment of the alkyl chain of the
cation (top) and the CFz groups of the anion (bottom).

arriving IL molecules to adsorb directly on the metal."?

ingly, a notable shift of the Cqy, peak of about +0.5 eV is
observed between 0.3 and 0.6 ML, because the chains move
further away from the silver surface and the efficiency of core
hole screening decreases. A similar effect was observed on
Au(111) and was attributed to a higher degree of final state
screening for the chain in direct contact with the surface.'”
Upon further IL deposition, the C 1s peak ratios slowly converge
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towards the respective values of a macroscopic film where a
less strict enrichment of the alkyl chains at the IL/vacuum
interface occurs.

3.2 Time-dependent behaviour of [C,C,Im][Tf,N] and
[CsC4Im][Tf,N] on Ag(111)

After focussing mainly on the general growth behaviour and the
formation of the IL/Ag(111) interface, we next address the time-
dependent behaviour of the morphology of the IL films. Fig. 8
depicts representative results of the time evolution of the XP
signals of [C,C,Im][Tf,N] and [CsC,Im][Tf,N] on Ag(111) at RT.
The intensity ratio I4/I, of the Ag 3d signals is plotted versus
the time after ending the deposition of IL films, for nominal
(that is, final) thicknesses of 1.5 (left) and 3.2 nm (right). The
[C,C,Im][Tf,N] film shows a strong time-dependent behaviour.
In the beginning, the Ag intensity is still rather high for both
emission angles, but it then decreases substantially on the time-
scale of hours before reaching a plateau. The time-dependent
decrease in the substrate intensity after the end of [C,C,Im][Tf,N]
deposition at RT is consistent with the findings by Foulston
et al.*® for [C,C,Im][Tf,N] on Au(110). There, after initial droplet
formation a slow spreading over time was observed. For times
longer than 2 hours after the deposition experiment, the substrate
signals tend to increase again which most likely is a result of slow
desorption of the IL multilayers and perhaps some small con-
tribution due to beam damage. The effect of beam damage on
thin IL films was previously reported in detail by Cremer et al.'?
Notably, Foulston et al. did not observe beam damage on ultrathin
IL films in their UPS experiments, but highly destructive effects
by incident electron beams during LEED and Auger electron
spectroscopy.”’ In reference experiments using very different
X-ray exposure times, we confirmed that the observed initial
time-dependent decay of the silver signals after [C;C,Im][Tf,N]
deposition is not induced by the incident photon beam (see ESIf).

Unlike the situation for [C,C{Im][Tf,N], there is no time-
dependent decay in the substrate intensity after the deposition of
[CsC4Im][T£,N]. The final state of the intensities in 0° and 80° are
similar for both ILs indicating that the final film morphologies at
this point are comparable.

1.0
{0) [C,C,Im][T,N]: —¥—0°,—V—80°
0.8 [C,C,Im][TF,N]: —A— 0°, —A— 80°
d=3.2nm
S 06+
(=2}
< 041
:_U N
= 0.2-
0.0

0 30 60 90 120 150 180 210 240
Time after end of deposition / min

Fig. 8 Time-dependent ARXPS of the IL films of [C;CiImI[TfoN] and [CgCyIm][Tf,N], respectively, after ending the IL deposition of equivalents of

(@) 1.5 nm and (b) 3.2 nm on Ag(111) at RT.
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The 0° emission data for nominal thicknesses of 1.5 and
3.2 nm [C;C,Im][Tf,N] in Fig. 8 show initial I4/I, values of 0.81
and 0.78, respectively, directly after deposition, which corre-
sponds to the apparent layer thicknesses of only ~0.5 and
0.6 nm, respectively; this is considerably less than the mean
height of an ion pair (0.73 nm). The small initial attenuation of
the silver signal is in line with a configuration of high 3D IL
islands (droplet) formed onto a closed wetting layer (average
height: 0.37 nm), with most of the substrate signal from areas
beneath the 3D islands attenuated. We cannot rule out,
however, that upon deposition the 3D islands are initially
formed directly on the Ag(111) surface, before the 2D WL has
fully developed, and that uncovered parts of the Ag surface
contribute to the XP signal. With time, the 3D islands spread to
form films with a final apparent film thickness several times
larger than the apparent initial value. For the 1.5 nm film (left),
the increase is a factor of ~3, and for the 3.2 nm film (right),
the increase is a factor of ~5.

Complementary time-dependent measurements were
performed for the C 1s and N 1s regions after the deposition
of 1.7 nm [C,C;Im][Tf,N] on Ag(111) at 300 K. They show an
increase in the intensity of the IL-related peaks, which goes
along with the decrease of the Ag 3d intensity; see Fig. 9. The
quantitative analysis of the Chetero and Canion signals is shown
in Fig. 10 as a function of time after the deposition, along with
the decaying Ag signal. As also evident from Fig. 9, mainly the
cationic Chetero and Neation Signals increase: within 75 min, the
Chetero peak increases by ~60%. The anionic C 1s peak also
increases, but only by ~25%. The cation and anion-related N 1s
peaks show a very similar trend. The observed ratios indicate
that in the initial configuration after [C,C,Im][Tf,N] deposition,
the anions with their CF; groups pointing outwards are pre-
ferentially enriched at the outer IL/vacuum interface of the IL

Intensity / kCPS

288 284
Binding Energy / eV

View Article Online
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islands. Over time, as the islands spread, the enrichment of the
anions at the IL/vacuum interface decreases, which indicates
that the change in island morphology also includes a change in
surface composition.

Next, we want to address the possible reasons for the time-
dependent changes in the morphology of the [C;C;Im][Tf,N]
films and the different behaviour observed for [CgC,Im][Tf,N].
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 indicates the
existence of two very different timescales. Upon impact, the IL
ion pairs have to be very mobile on the surface, to immediately
agglomerate into 3D islands. The driving force likely is the
energy gain due to a much higher coordination of the individual
ions in a three-dimensional structure, as compared to individual
ion pairs on the WL. The formation of stable 2D [C;C;Im][Tf,N]
islands on the WL from individual ion pairs obviously does
not occur on the same time scale as the 3D growth; otherwise,
the nearly-flat film morphology as the final state should evolve
from the very beginning. We attribute this observation to the
instability of the small 2D islands, which would serve as nuclei
for further 2D growth. Most likely, statistically formed small 2D
islands very quickly disintegrate due to the lack of stabilisation
by neighbouring ions. After the end of the deposition process, we
experimentally observe the slow (on the timescale of hours)
transformation towards a flat morphology. This behaviour
indicates that the extended regions of flat arrangements (layer-
by-layer) are thermodynamically more stable than the 3D
islands. The initial formation of the 3D islands is assigned to a
kinetic stabilisation. Possible reasons for the slow timescale of
the transformation to a 2D morphology could be a high activa-
tion barrier for the detachment/emission of an ion pair from the
3D island to the uncovered WL (or successive flat layers), or the

N =

Intensity / kCPS

22420 min

#clean Ag

404 400 396
Binding Energy / eV

Fig. 9 C1lsand N 1s core level spectra in 80° emission for different times after the deposition of 1.7 nm of [C;C,Im][Tf,N] on Ag(111) at RT. The nominal
ratios are Canion : Chetero = 2 : 5 in the C 1s spectrum and Ncation : Nanion = 2 : 1in the N 1s spectrum. Note how the anion signals dominate in the early stages
while the expected ratios are approached only towards the end of the spreading process.
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Fig. 10 Intensities of the Chetero aNd Canion Signals in the C 1s region from
time-dependent XPS in 80° emission after the deposition of 1.7 nm of
[C,C1ImI[Tf,N] on Ag(111) at RT. The decay of the intensity of the Ag 3d line
is shown in grey for reference.

above mentioned low probability for forming stable 2D nuclei
due to the required minimum nucleus size.

The different behaviour observed for [CgC,Im][Tf,N] is
attributed to a stabilisation of the IL ion pairs on the WL (or
successive flat layers) by the octyl chains; it has been reported
that the dispersive attractions between the alkyl chains of
[CsC4Im][Tf,N] can be as large as 20% of the Coulomb inter-
action between the ionic components.>**® Similar interactions
are also expected with the Ag(111) substrate or the underlying
wetting layer. This stabilisation could on the one hand make
the initial formation of 3D islands less favourable and on the
other hand lead to a higher probability for the formation of 2D
islands from IL ion pairs that are emitted from the 3D islands;
in addition, the octyl chain might also lead to a lower activation
barrier for the detachment of IL ion pairs from the 3D islands.

As mentioned in the introduction, time-dependent changes
from a 3D morphology to a 2D morphology have previously
been observed by Foulston et al. for a related IL, namely
[C,C,Im][Tf,N] on Au(110).>° The authors also proposed the
fast initial formation of 3D islands (droplets). These droplets
are kinetically controlled such that with time an activation
barrier is overcome, allowing for dissociation into free ions
and movement of these free ions to form layers of IL on the
surface. The activation energy for this flattening process was
proposed to reside in either the dissociation of the ion pairs,
the movement of ions, or both.

Foulston et al. also showed that upon lowering the substrate
temperature to 128 K which is well below the glass transition
temperature T, of the IL, the very limited surface diffusion leads to
simultaneous multilayer growth. In this case, no initial droplet
formation of [C,C,Im][Tf,N] on Au(110) could be observed.*® This
behaviour could also be reproduced in the present study for the
deposition of thin films of [C,;C,Im]|[Tf,N] and [CsC,Im]|[Tf,N],
respectively, on Ag(111) at 87 K, see Fig. 11. Also upon heating after
deposition, the ILs did not show a time-dependent behaviour,
which supports the above mentioned mechanism for the initial
droplet formation during the deposition at RT.
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Fig. 11 Time-dependent ARXPS of the IL films after ending the deposition
of 2.1 nm of [C,C4IM][Tf,N] and 3.8 nm of [CgC4Im][Tf,N], respectively, on
Ag(111) at low temperature (87 K).

4. Conclusions

With the aim of understanding the fundamental aspects relevant
for the application of SILP or SCILL catalysts, particularly the
wetting behaviour of thin IL films, we studied the interaction
of two model ILs, [CyCiIm][Tf,N] and [C,C,Im][Tf,N], with
the Ag(111) surface by quantitative angle-resolved XPS on the
molecular level. Upon the formation of the initial liquid/solid
interface, the cations and anions adsorb in a checkerboard
arrangement, that is, they form a wetting layer with both ions
in contact with the Ag(111) surface. The same initial behavior
was observed previously for the two ILs on the Au(111) surface."?
For higher coverages, a certain degree of 3D island growth
occurs, which contrasts with the behaviour on Au(111).?
A similar growth behaviour, however, has already been reported
in the literature e.g. for [C;C,Im][Tf,N] on other surfaces."***
Upon deposition of larger amounts of IL, we find a very
interesting difference for the two ILs: for [C;C,Im][Tf,N] we
observe strong changes in the XP signals after the end of the
deposition process on the time-scale of hours; we interpret
these changes as a time-dependent change of the film mor-
phology. For [CsC,Im][Tf,N], no such changes are found. The
final film morphology appears to be very similar for the two ILs.
Our detailed time-dependent measurements indicate that for
[C1C1Im][Tf,N] initially large 3D IL islands (droplets) form on a
very fast time scale, that is, much faster than the time needed
for an XPS scan (that takes typically several minutes). These
droplets then spread over time into a nearly two-dimensional
film on a much slower timescale in the order of hours. The final
structure is very similar to the one formed for [CsC;Im][Tf,N]
from the very beginning. Time-dependent changes have pre-
viously also been found for [C,C,Im][Tf,N] on a reconstructed
Au(110) surface using UV photoelectron spectroscopy.’® As a
general conclusion, we propose that the observed behaviour
strongly depends on the molecular structure, that is, in our case
the alkyl substituents at the cationic imidazolium head group.
We argue that the stabilization of the cation on the surface by
van der Waals interactions of the octyl chain is responsible for

This journal is © the Owner Societies 2018


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/C8CP01411F

Open Access Article. Published on 27 April 2018. Downloaded on 4/4/2026 1:48:53 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

PCCP

the immediate formation of nearly two-dimensional films,
while for imidazolium-based ILs with only methyl or ethyl
groups, initially large 3D droplets are formed. The fact that
the same slow IL-spreading behaviour is found for Ag(111) and
for the reconstructed Au(110) surface is taken as a strong
indication that a pronounced influence of the metal surface
reconstruction on this process can be excluded.
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