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On-Surface Metathesis of an lonic Liquid on Ag(111)

Stephen Massicot,” Tomoya Sasaki,” Matthias Lexow,” Florian Maier,”
Susumu Kuwabata,® and Hans-Peter Steinriick*™

Abstract: We investigated the adsorption, surface enrichment,
ion exchange, and on-surface metathesis of ultrathin mixed IL
films on Ag(111). We stepwise deposited 0.5 ML of the protic
IL diethylmethylammonium trifluoromethanesulfonate ([de-
ma][TfO]) and 1.0 ML of the aprotic IL 1-methyl-3-octylimida-
zolium hexafluorophosphate ([C,C,Im][PF¢]) at around 90 K.
Thereafter, the resulting layered frozen film was heated to
550K, and the thermally induced phenomena were moni-
tored in situ by angle-resolved X-ray photoelectron spectro-
\scopy. Between 135 and 200 K, [TfO]™ anions at the Ag(111)

surface are exchanged by [PF,]~ anions and enriched together
with [CeCiIm]* cations at the IL/vacuum interface. Upon
further heating, [dema][PF;] and [OMIm][PF,] desorb selec-
tively at ~235 and ~380K, respectively. Hereby, a wetting
layer of pure [C4C,Im][TfO] is formed by on-surface metathesis
at the IL/metal interface, which completely desorbs at
~480 K. For comparison, ion enrichment at the vacuum/IL
interface was also studied in macroscopic IL mixtures, where
no influence of the solid support is expected.

/

Introduction

lonic liquids (ILs) are salts with melting points typically well
below 100°C and with an extremely low vapor pressure. They
are composed of poorly coordinating organic cations and
organic or inorganic anions, and hence exhibit a wide structural
variability with the possibility to tune their physico-chemical
properties for desired applications." Besides batteries,” fuel
cells,” organic™ and nanoparticle™ synthesis, to name just a
few examples, ILs are also very well suited for applications in
catalysis.” This is due to their low vapor pressure” and high
thermal stability.® The first commercial and still maybe most
important application of ILs in catalysis is the BASIL™ (Biphasic
Acid Scavenging using lonic Liquids) process for the production
of alkoxyphenylphosphines.”! Furthermore, different novel cata-
lytic concepts were developed in the past decades, like the
SCILL (Solid Catalyst with lonic Liquid Layer) approach.'"'%
Thereby, a thin IL film modifies the solid catalytic support
material by making the reactive sites of the heterogeneous
catalyst less vulnerable towards poisoning while simultaneously
modifying or improving selectivity and reactivity.**'" In order
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to obtain the desired behaviour, it is crucial to choose the right
IL/support combination. While solid catalysts are well known
and were intensively studied for several decades, if not
centuries,"? ILs are a comparably novel class of materials and
have only been studied in-depth for a few decades.™ In
particular, the adsorption and thermal stability of IL films on
metal surfaces have been addressed only for a few systems.'!
This is especially true for exchange phenomena in mixed IL
films, which have been only addressed for a few aprotic ILs and
no study involving protic ILs exists."*? Such studies could also
open new routes for the IL synthesis, in order to tackle
challenges existing in the synthesis of new ILs."“"® In this study,
we evaluate a novel type of IL synthesis, i.e. an on-surface
metathesis at a metal support in UHV, which could allow for
surface coating with an IL, which cannot be deposited by
evaporation, for example due to its thermal instability.

In order to investigate these questions, we sequentially
deposited ultrathin films of the protic IL diethylmeth-
ylammonium trifluoromethanesulfonate ([dema][TfO]) and the
aprotic IL 1-methyl-3-octylimidazolium hexafluorophosphate
([CeC,Im][PF4]) on a Ag(111) substrate by in situ physical vapor
deposition (PVD) at 90 K. The molecular structure of both ILs is
shown in Figure 1. We have chosen these particular two ILs
because (i) we wanted to study the behaviour of ultrathin
mixed films of a protic and an aprotic IL, (ii) the spectroscopic
signature (in particular of the F atoms) allowed us to differ-
entiate between the different ions, and (iii) both ILs have
already been characterized on the required level of detail by us
in the past as neat ILs."*"'®" After deposition, we heated the
layered IL film to 550 K and simultaneously monitored thermally
induced phenomena by angle-resolved X-ray photoelectron
spectroscopy (ARXPS). In particular, we measured the Ag 3d
and the IL XPS signals at emission angles of {¥=0° and 80°
relative to the surface normal. For Al Ka radiation, the
information depth (ID) at normal emission (¢4=0°) is 7-9 nm
(depending on the kinetic energy), while at #=80° ID it is only
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Figure 1. Molecular structures of (a) diethylmethylammonium trifluoromethanesulfonate, [dema][TfO], and (b) 1-methyl-3-octylimidazolium hexafluorophos-

phate, [C;C,Im][PF].

1-1.5 nm. Thus, measurements at 0° provide information on the
IL bulk (10-15 layers), and measurements at 80° only probe the
outer surface (topmost 1-2 layers). From our measurements, we
can deduce ion exchange and preferential enrichment proc-
esses at both the metal/IL and the IL/vacuum interfaces. Most
interestingly, we find that selective ion desorption leads to the
on-surface formation of a new IL by metathesis at the IL/metal
interface.

Results and Discussion
Macroscopic mixtures of [dema][TfO] and [C,C,Im][PF,]

We investigated the surface composition at the IL/vacuum
interface and possible enrichment effects at the outmost
surface for macroscopic films of [dema][TfO] and [C4C,Im][PF]
mixtures with [demal][TfO] contents of x,=1.00, 0.85, 0.50, 0.20,
0.09 and 0.00. The films had thicknesses in the order of 0.1 mm,
and thus no influence of the IL/metal interface™ is expected;
they will serve as a reference for the following examination of
ultrathin films. The quantitative analysis of the ARXPS spectra of
the various mixtures is summarized in Table S1 (the data for
neat [dema][TfO] and [C,C,Im][PF] are taken from Ref. [14f] and
Ref. [14c], respectively). For the bulk-sensitive data at 0° (see
Experimental Section), the measured atom numbers are in good
agreement with the nominal values. For the surface-sensitive
data at 80°, the atom numbers deviate considerably from the
nominal values, especially for the F 1s and C 1s spectra.
Therefore, the F 1s and C 1s spectra in both geometries will be
discussed in more detail.

In Figure 2 (left), the F 1s spectra of the four mixtures and
also of the pure compounds are shown. The F; peak at
688.5 eV is assigned to the [TfO]~ anion,"'” and the Fy, peak
at 686.8 eV to the [PF¢]~ anion."%'"® For neat [dema][TfO] (x,=
1.00; top spectrum), the F; peak slightly increases when
changing the emission angle from 0° (black) to 80° (green). This
indicates that at the outer surface the [TfO]™ anion is oriented
with the CF, groups pointing towards the vacuum side."* For
neat [C;C,Im][PF4] (x;=0.0; bottom spectrum), the Fy signal at
80° is significantly smaller than at 0°, which is attributed to a
damping effect due to the well-known surface enrichment of
the octyl chain of the [C,C,Im]* cation (see below).'#'*'1% For
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all mixtures, the Fe; peak still slightly increases when changing
the emission angle from 0° (black) to 80° (green), while at the
same time for the Fy peak an even more pronounced relative
decrease of the signals at 80° as compared to that for neat
[CeC,Im][PFs] is observed. This behaviour indicates a pro-
nounced enrichment of the [TfO]™ anions at and a depletion of
the [PF¢]™ anions from the IL/vacuum interface for the mixtures
of [dema][TfO] and [C,C,Im][PF].

For further quantification of this enrichment and depletion
of the different anions in the four mixtures, we plotted the ratio
of the normalized F;; and Fp¢ signals vs. the IL mole fractions x;
of [dema][TfO] in Figure3 for 0° (black) and 80° (green)
emission. For x;=0.85, i.e., [demal][TfO]: [CC,Im][PF,]=5.7:1,
the ratio of 1.2 at 0° emission is close to the nominal value of
1.0, which is indicated by a dashed horizontal line. For 80°
emission, the ratio increases to 1.7 indicating a pronounced
enrichment of the [TfO]™ anion. For x;_0.50 (1:1), x,=0.20 (1:4)
and x;_0.09 (1:10), the ratio at 0° increases to 1.2, 1.6 and 2.2,
respectively, and at 80° to 2.1, 3.6 and 4.6, respectively. Again,
this reflects the enrichment of the [TfO]™ relative to the [PF]
anions, which is most prominent for mixtures with low
[dema][TfO] content. This high degree of enrichment is
responsible for the fact that even at 0°, i.e, in the so-called
bulk-sensitive geometry, the contribution of the topmost layer
is so strong that it is reflected in a ratio that is larger than the
nominal value of one. A similar effect has been observed before
in studies of IL mixtures with pronounced surface enrichment of
one species. 442

One driving force for the enrichment of [TfO]™ over [PF¢]™
could be a lower surface tension of a mixture with a [TfO] -
terminated surface. Indeed, Freie et al. reported that ILs with
[TfO]” anions have lower surface tension than ILs with [PFs]~
anions.”" Also, Martino et al. showed that [C,C,Im][TfO] has a
lower surface tension than [C,C,Im][BF,]; this observation can
be tentatively used for a comparison, since [BF,]™ ILs often have
similar surface tension as the corresponding [PF¢]~ ILs.??

Next, we discuss the C 1s spectra of the mixtures, which are
depicted in Figure 2 (right) along with the spectra of the neat
ILs, at 0° (black) and 80° (green) emission. For both ILs, the
Chetero Peak at ~286.8 eV binding energy is assigned to the
carbon atoms in direct contact with nitrogen (hetero) atoms
and the C,, peak at ~285.0 eV to carbon atoms not in contact
with nitrogen atoms of the ethyl ([dema][TfO]) or octyl

© 2022 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH



Chemistry
Europe

European Chemical
Societies Publishing

Research Article

Chemistry—A European Journal doi.org/10.1002/chem.202200167

30 e
70 FCF3 :;015 ] cheterc: 0° S
.1 o 80° 25_ Cors calkyl 80°
60 +=— —
5040.85 20_‘
" ]
o
S
= 40 |
3 0.50 15_
= 1
o
£ 30-
0.20 10
20 -
10.09 5_‘
101 Fere 1
|0.00 -
0 0-

690 688 686 684

Binding Energy / eV

692

206 294 292 290 288 286 284 282 280
Binding Energy / eV

Figure 2. F 1s and C 1s spectra in 0° and 80° emission of macroscopic mixtures of [dema][TfO] and [C4C,Im][PF¢] at RT; for [dema][TfO] contents of x;=1.00
(neat [demal][TfO], top), x;=0.85 (ratio=5.7:1), ;= 0.50 (1:1), x,=0.20 (1:4), x;=0.09 (1:10), and x;=0.00 (neat [C4C,Im][PF], bottom).

X; ([C4C4Im][PF])

X; ([dema][TfO])

Figure 3. Ratio of XPS peak intensities of the two anionic F 1s signals
(normalized to their nominal values), in 0° and 80° emission, as a function of
the content of [dema][TfO] in macroscopic mixtures with [C,C,Im][PF¢]. The
dashed line indicates the nominal ratio of 1.

([C¢C4Im][PF,]) chains. For neat [dema][TfO], the 0° and 80°
signals in Figure 2 (top) are nearly identical. In contrast, the C,,
contribution for neat [C,C,Im][PF,] in Figure 2 (bottom) is more
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prominent at 80° than at 0°, which indicates the surface

’E 0.0 0.2 04 0.6 0.8 1.0 enrichment of the octyl chain, as reported previously.['®4'&-1
§'5 i Oc; ' ' ' ' ' ' ' T Unfortunately, for the mixtures the Cy,, and the C,, peaks of
Tl o the two cations are too close together for an unequivocal
\E 4| 80° . separation of the different cation contributions. The same holds
Tl ® true for the N 1s spectra, with binding energies of 402.1 eV for
= 3r T [CeCIm]™ and 402.5 eV for [dema]™. For the 0° C 1s spectra,
’E > _ o o | constraining the respective G and C,y contributions to the
s [ ] ) exact amount of each IL from the preparation of the mixtures
S1 b ® ® ] matches very well the shape of the superimposed signals, and
Em s the areas of the cation signals correspond exactly to the
50 ' . ' . ' expected stoichiometry of the mixture. Due to the above
= 1.0 0.8 0.6 04 0.2 0.0 mentioned selective enrichment effects, it is not possible to use

this approach for the spectra at grazing emission. Therefore at
80°, the C 1s spectra will be discussed only qualitatively. For all
mixtures, the G, signals, which originate predominantly from
the [CoC,Im]™ cation, increase in the 80° spectra compared to
the 0° spectra. Furthermore, the combined cation C 1s
intensities at 80° yield higher atom numbers than the respective
nominal values, see Table S1. These observations indicate that
the [C,CiIm]* cation, and specifically the octyl chain is always
preferentially enriched at the IL/vacuum interface for all
mixtures, as was observed for neat [CgC,Im][PFg].l'o <1819
Consequently, the [dema]™ cation is surface-depleted in the
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Figure 4. Scheme of proposed surface enrichment of [C,C,Im]* and [TfO]~
and surface depletion of [PF,]™ for a 1:1 mixture of [dema][TfO] and
[CsC,Im][PF].

mixtures with [C;C;Im]™". Figure 4 provides a schematic sum-
mary of the enrichment and depletion effects.

On-surface metathesis of [C,C,Im][TfO] on Ag(111)

To study possible ion exchange processes along with prefer-
ential enrichment and selective desorption as a function of
temperature, we sequentially deposited thin films of [demal][T-
fO] and [C4C,Im][PF¢] on Ag(111), and monitored the bulk and
surface composition with temperature-programmed XPS. To
avoid switching between the 0° and 80° emission angles (by
tilting the sample) at each temperature, we performed separate
heating experiments at 0° and 80°. The comparison of Ag 3d, F
1s and C 1s spectra directly after deposition evidenced the
reproducible preparation of the starting films for the two
experiments (note that due to the overall low IL signals in these
ultrathin films, particularly for the N 1s and S 2p regions with
their small XPS cross sections, we restricted our temperature-
dependent ARXPS measurements to the representative F 1s and
C 1s regions to characterize the behaviour for the anions and
cations). Figure5 shows C 1s and F 1s spectra at selected
temperatures. In Figure 6¢ and 6d, the quantitative analysis of
the thermal evolution of the signals related to the anions (Fcq;
and Fy) and cations (C,) of the two ILs, and of the Ag(111)
substrate (Ag 3d) are shown at emission angles of 0° and 80°,
respectively. Figure 7 provides a schematic sketch of the film
composition at selected temperatures according to Figure 5.

In a first step, we deposited a wetting layer (i.e., 0.5 ML) of
[demal][TfO] on clean Ag(111) at a temperature around 90 K.
The XP spectra in Figure 5—II show the Fe; and Cg; peaks of
the [TfO]™ anion and the Cyeero and Cyyy signals of the [dema]™
cation.""” The C,ion'Chetero:Caiy ratio is 1.0:2.8:2.2 in 0° and
0.9:3.0:2.1 in 80°, which is close to the nominal ratio of 1:3:2
and indicates an intact WL of [dema][TfO] on Ag(111) at low
temperature.

After subsequent deposition of 1 ML of [C,C,Im][PF¢] on top
of the [dema][TfO] WL at around 90K, the F 1s spectra in
Figure 5—Ill show an additional contribution Fy at 687.1 eV
related to the [PF,]~ anion.***'® The expected nominal Fqs/Fpg
peak ratio in 0° is 0.33. In an simple picture one would expect a
ratio of 0.25 (=1:4) because [C,C,Im][PF¢] has twice the amount
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of fluorine atoms per IL pair and a twice as thick film was
deposited (1.0 vs. 0.5 ML). However, the molecular volume of
[CoCiIm][PFs] (0.458 nm®)™ is higher than for [dema][TfO]
(0.305 nm?).2¥ Hence, [dema][TfO] has a 1.32 times smaller 2-
dimensional footprint (=V*?) leading to an expected ratio of
0.33 (=0.25x1.32). This is in excellent agreement with the
measured peak ratio Fc3/Fpre in 0° of 0.33. This ratio changes to
0.27 at 80°, which reflects a substantial decrease of the Fcq
signal. The Cg; peak at 80° in Figure 5-lll shows a similar
substantial attenuation. Both observations indicate that the
post-deposited [C,C,Im][PF,] film covers the [dema][TfO] wet-
ting layer, as is expected for the low deposition temperature of
~90 K. The Cyeo and C,yy peaks of [CyCiIm][PFe] have only
slightly different binding energies than the peaks of the
[dema]™ cation. Thus, as for the macroscopic films this means
the C 1s peaks of the two cations cannot be deconvoluted.
Nevertheless, the qualitative comparison of the C 1s spectra in
Figure 5-lll reveals a relative increase of the C,, peak as
compared to the Ci ..o peak, when increasing the emission
angle from 0° to 80°. This observation further supports our
interpretation that the post-deposited film of [C,C,Im][PF]
(which contains the octyl chains) covers the [dema][TfO]
wetting layer.

As a next step, we heated this layered system from 90 to
550 K with a heating rate of 2K/min and simultaneously
recorded TP-XP spectra in the Ag 3d, F 1s and C 1s regions. The
corresponding quantitative analysis of the Ag 3d substrate
signal, the Fe; and Fpee signals of the two anions, and the
combined Cg, intensity (related to all carbon atoms of the two
cations) is depicted in Figure 6¢ and 6d for 0° and 80° emission,
respectively. For comparison, the thermal evolution of pure
[dema][TfO] (for a similar experiment, see also Ref.[14f]) and
[CoC,ImI[PF4]"*<'® on Ag(111) are shown in Figure 6a and 6b.

Desorption effects - XPS measurements at 0°

We start with the discussion of the data for 0° emission in
Figure 5 (top) and Figure 6¢, which provide information on the
amount of the individual ions in the mixed film, since self-
damping plays only a minor role in this bulk-sensitive geometry.
Notably, all transition or desorption temperatures are deter-
mined from the inflection points of the corresponding
intensities.

Starting from ~200 K, the Ag 3d signal (grey circles) shows a
small increase (inflection point at ~235K), and the Fy signal
(blue diamonds) and the combined cationic C 1s signals (black
triangles) decrease. This behaviour indicates the desorption of
the [PFs]~ anion and one of the cations. The F; signal (red
diamonds) remains constant until much higher temperatures.
Since for pure [CgC,Im][PF4] films multilayer desorption occurs
only at 405 K%® we assume that it is [dema][PF,] which
desorbs at this low temperature. The quantitative analysis of
the C 1s spectra in Figure 5-V yields a C,,/C. ratio of 7.6:4.4=
1.7, which is very close to the nominal ratio of 7:5=1.4 for
[CeCyIm] ™ (note that for [dema]™ the nominal ratio would be
very different, namely 2:3=0.67). The observed behaviour
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Figure 5. F 1s and C 1s spectra in 0° and 80° emission: | clean Ag(111) at ~90 K, Il 0.5 ML [dema][TfO] at ~90 K, Il T ML [CC,Im][PF4] on [dema][TfO] at ~90 K,
IV ion exchange after heating to ~200 K, V desorption of [dema][PF,] after heating to ~300 K, VI desorption of [CsC,Im][PF] after heating to ~425 K with
[CsC,Im][TfO] remaining on Ag(111), VIl complete desorption after heating to ~550 K.

step-like increase of the Ag 3d signal at ~380 K. The multilayer
desorption temperature for pure [CC,Im][PF,] of ~405 K'%418
is 25 K higher as is evident from comparison to Figure 6b. This
lower temperature could indicate that the interaction of

indicates complete desorption of [dema]™ cations, with only
[CeCiIm]™ remaining in the film. The slightly higher ratio than
expected is within the uncertainty of the experiment, due to
the low signal to noise ratio.

Upon further heating, the Fy signal starts to further
decrease at ~360 K and reaches zero at ~400 K, which indicates
desorption of the remaining [PF~ as [CgCiIm][PFl. The
decrease of the total surface coverage is also indicated by the

Chem. Eur. J. 2022, 28, €202200167 (5 of 10)

[CsC,Im][PF¢] with the remaining wetting layer of [C;C,Im][TfO]
at the IL/Ag(111) interface is less favorable than in films of pure
[CsC,Im][PF¢], yielding a lower desorption temperature in case
of the mixed thin film. Above 410 K, desorption of [CC,;Im][PF]
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Figure 6. TPXPS on pure and mixed IL thin films on Ag(111): peak intensities related to the [TfO]™ and [PF¢]~ anions (F 1s), the cations (C 1s) and the
supporting Ag crystal (Ag 3d). C 1s intensities are multiplied by a factor of two. (a)-(c) 0° and (d) 80° emission, (a) [dema][TfO1,"*? (b) [C,C,Im][PF], "4 (c)
and (d) [CsC,Im][PF4] on [dema][TfO]. The films were heated with a heating rate of 2 K/min.

is completed and no [PF,]~ anions remain on the surface. Based
on the previous desorption steps, we expect that above 410K a
new anion-cation combination, i.e. pure [C;C,Im][TfO], remains
as wetting layer, which is formed by on-surface metathesis at
the IL/metal interface. Indeed, the C 1s spectrum of the
remaining wetting layer at ~425 K in Figure 5-VI (C,,/C, ratio
of 7.4:4.6=1.6) is very similar to that of the pure macroscopic
film of [CeC,Im][TfO] in Figure S1 (C,,/C, ratio of 7.1:4.9=1.4);
both values are very close to nominal value of 7:5=1.4. Again,
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the slightly higher ratio for the thin film is within the
uncertainty of the experiment.

The Fcg signal in 0° emission remains more or less constant
from 90 to 440K, until its subsequent decrease until 550 K
indicates the final desorption of the remaining [CiC,Im][TfO].
This decrease in surface coverage is again also reflected in the
step-like increase of the Ag 3d signal at ~480 K. The higher
desorption temperature of ~480K for the remaining
[CsC,Im][TfO] wetting layer indicates that the adsorption energy
of [C;C,Im][TfO] on Ag(111) is larger than that of a [C,C,Im][PF]
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VII 550 K | Ag(111) | lon exchange and surface enrichment effects - measurements
at 80°
/cacﬂmy [TfO) Next, we analyze the thermal evolution of the 80° XPS signals in
Figure 6d which provide information on the composition of the
[CsCiim]*  [TfO} topmost layer of the mixed film as a function of temperature.
VI 425 K Ag(111) Starting at ~135K, the Fy signal (blue diamonds) starts to
decrease and simultaneously the F; signal (red diamonds)
starts to increase, both reaching a plateau at ~200 K. Notably,
/Cscﬂml* [PFs T the corresponding signals did not change in the 0° spectra in
Figure 6¢, which indicates that none of the respective species is
[CgCyIm]* [TfO] desorbing. We thus propose that between 135 and 200K,
[PFeI [TfO]~ anions at the IL/Ag(111) interface are exchanged by
V 300K Ag(111) [PFs]™ anions and likely are even enriched at the IL/vacuum
interface. This conclusion is supported by the analysis of
macroscopic mixtures of [dema][TfO] and [CsC,Im][PF¢] which
/dema}*[PFs]' indeed show a pronounced preferential enrichment of the
[TfO]™ anion over the [PFy]~ anion (see above). With reference
[CCiIm]*  [TfO] to earlier work on other (purely aprotic) IL mixtures,"**'® we
) propose that the driving force for this exchange is a lower
[dema]* [PFe] A o L
surface tension of the resulting film. Furthermore, it is likely that
IV 200 K Ag(111) the octyl chain of the [C;C,Im]* cation is also enriched at the IL/
vacuum interface as found in our macroscopic mixtures
D discussed above and as it was reported previously for other
C systems #1481 Tg fyrther investigate this assumption, the C
1s spectra in 80° at 90K (black) and 200K (orange) are
[CeCilm]*  [PFg ] compared in Figure S2. In the absence of enrichment effects
[CsCyim]*  [PFg ] one might simply expect the C,, contribution to decrease
[dema]* [TfO] going from 90 to 200 K, since at 90 K the mixed film is frozen
IIT 90K Ag(111) with the [CgC,Im]™ cations fixed at the IL/vacuum interface, but
upon melting intermixing of the two ILs occurs. Thus, the
T*l-OMLIOMlm][PFs] outermost surface (as the rest of the film) would then be
composed of a homogeneous mixture of both ILs with a
[dema]*  [TfO] reduced C,,, content compared to the starting point. However,
II 90K Ag(111) by comparing both spectra in Figure S2, the C,, contribution
at 200 K stays nearly unchanged. We thus propose that the
+0.5 ML [dema][TfO] . . i .
T octyl chains of the [C;C;Im]™ cations remain enriched after the
I 9K | Ag(111) | first anion exchange process starting from ~135K. The IL

Figure 7. Scheme of the proposed changes in film composition when
heating 1 ML [CC,Im][PF4] on 0.5 ML [dema][TfO] on Ag(111) from 90 to
550 K.

wetting layer on Ag(111), where a desorption temperature of
~445 K is observed (see Figure 6b)."*4®

At 550 K, the remaining Fi; and Cc, signals have disap-
peared in 0° indicating complete desorption of the formed
[CCIm][TfO] from Ag(111) (note that in the very surface-
sensitive 80° geometry, remaining traces of decomposition
products are detected at the silver surface, see next section). It
is interesting to note that neat [dema][TfO] on Ag(111) under-
goes significant deprotonation and decomposition at ~215K
and ~350K, respectively." However, during the thermal
evolution of our mixed thin films, we did not observe a similar
[demal][TfO] decomposition at all.

Chem. Eur. J. 2022, 28, €202200167 (7 of 10)

exchange and enrichment of the [TfO]” anion can also be
observed via the increased Cq; signal at 200K in the C 1s
spectrum in Figure S2.

The melting point of bulk [demal[TfO] is 260 K and the
glass transition of [CyC,ImI[PFs] occurs at about 195K In
agreement with the interpretation for other ILs in previous
studies,*“%'® we conclude that the phase transition of the IL on
top determines the mobility of individual ions in the mixed IL
film.

Upon further heating, Fpes shows a next stepwise decrease
at ~243 K to a new plateau between 270 and 350 K. The C,
signals also decrease, but over a wider temperature range
starting around ~180K, which is attributed to continuous
reorientation effects of the octyl chains at the outer surface."**"
In combination with the 0° data, we attribute this decrease of
both signals to the desorption of [dema][PF¢]. The C 1s spectra
of the remaining IL at ~300 K (Figure 6-V) shows a C,,/C, ratio
of 8.1:3.5=2.3 as compared to the nominal ratio of 7:5=1.4.
This further corroborates the enrichment of octyl chains at the
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IL/vacuum interface of the thin film. Notably, the C,,/C ratio
in macroscopic films is 10.0:4.4=2.3 for [CiC,Im][PF] (see
Table S1 and Figure S1) and 8.8:4.4=2.0 for [CsC,Im][TfO] (see
Figure S1) in 80°. Together with the conclusions derived from
the 0° data, the observed behaviour indicates that between 270
and 350K the IL film contains only [CsC,lm]* cations with
surface-enriched octyl chains (see also results for macroscopic
mixtures).

The following stepwise decrease of the Fy signal at ~385 K
occurs similarly to the 0° data, and is due to desorption of
[CsC,Im][PF¢], leaving only a [C,C,Im][TfO] wetting layer at the
silver surface. Upon desorption of [C,C;Im][PF4], we also observe
a slight increase of the F; signal in 80°, which is not visible in
0°. This gain of [TfO]™ at the outer surface is attributed to the
fact that in the remaining wetting layer above 385 K, all [TfO]~
anions are necessarily part of the outermost surface layer,
whereas below this temperature, also [PF¢]~ anions are present
at the IL/vacuum interface. Notably, for the remaining
[CsC,Im][TfO] wetting layer at ~425 K (Figure 5-VI) at 80° the
Ci/Chee ratio is 6.8:49=1.4. This value is very close to the
nominal value of 7:5=1.4, but is much lower than the value of
2.3 at ~300K (see above) in Figure 5-V. Possible reasons are
loss of order at this elevated temperature due to entropy effects
or a different adsorption geometry in the WL (at this temper-
ature).

In line with the 0° data, the decrease of the F.; signal at
~475 K indicates desorption of [CgC,Im][TfO]. The minor remain-
ing signal at 550 K could be due to some small amounts of a
dissociation product, which is only visible in the very surface
sensitive 80° geometry.

As a last point, we want to address the observation that in
addition to the discussed changes in peak intensities, we also
observe shifts of the F 1s and C 1s peaks upon heating the
layered IL film. These shifts are evident in the spectra at 0°
(Figure 5, top) but also in the spectra at 80° (Figure 5, bottom).
They are assigned to a combination of initial and final state
effects as a result of the changing local environment."* From
90 to 200K, the Fe5 and Fpeg signals shift to lower binding
energy by 0.3 eV, which is attributed to the reorientation and
surface enrichment of the alkyl chains at the outermost surface,
covering the anions. The shift of the F; and Fp¢ signals by 0.5-
0.6 eV to lower binding energy between 200 and 300 K results
from the change of the chemical composition of the film due to
the desorption of an equivalent of 0.5 ML [dema][PF]. The
same explanation likely holds for the minor shift of all F 1s
anion and C 1s cation signals by 0.1-0.2 eV to lower binding
energy between 300 and 425 K.

Summary and Conclusions

We investigated the adsorption and thermal evolution of
ultrathin mixed films of the protic IL ([dema][TfO]) and the
aprotic IL ([CgC,Im][PF¢]) on Ag(111) by angle-resolved X-ray
photoelectron spectroscopy (ARXPS). As first step, we charac-
terized the IL/vacuum interface of ~0.1 mm thick films of
various macroscopic mixtures of [dema][TfO] and [C4C,Im][PF]
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that serve as a reference for the investigation of the ultrathin
films. For each mixture, we find that the [TfO]™ anions and the
[CCyIm]™ cations are enriched at the IL/vacuum interface. The
latter are also enriched for the neat [C,C,Im][PF,] thin films.

Based on these findings, we then investigated ultrathin
mixed IL films. We sequentially deposited 0.5 ML of [dema][TfO]
and 1.0 ML [CgC,Im][PF¢] on Ag(111) at about 90 K, and heated
this film to 550 K while monitoring the film composition by
ARXPS. Thereby, bulk-sensitive measurements at 0° allow for
determining the overall film composition and changes thereof
by selective desorption, while surface-sensitive measurements
at 80° provide insight into enrichment and exchange processes
at the IL-vacuum and the IL-metal interfaces. Between 135 and
200 K, the exchange of the [TfO]™ anions at the Ag(111) surface
by [PF¢]~ anions occurs, yielding an enrichment of the [TfO]™
anions at the IL/vacuum interface together with the [CsC,Im]*
cations. Subsequently, [dema][PFs] selectively desorbs at
~235 K, and [C4C,Im][PF,] at ~380 K. Hereby, a wetting layer of
pure [CeC,Im][TfO] forms by on-surface metathesis at the IL/
metal interface. Finally, this [C,C,Im][TfO] layer desorbs more or
less completely at ~480 K leaving the Ag(111) surface behind.
The here reported enrichment, exchange and desorption
processes leading to the on-surface metathesis of ultrathin IL
layers on solid supports might open a novel route for the on-
surfaces synthesis of new ultrathin coatings with ILs, which
cannot be prepared by physical vapor deposition.

Experimental Section

The synthesis and characterization of [dema][TfO] was described in
Ref. [54] [CsC,Im][PFs] was purchased from Sigma-Aldrich (purity
>95%). Both ILs were carefully degassed in UHV before depositing
them via physical vapor deposition (PVD) in UHV from a modified
Knudsen cell with a boron nitride crucible. The details of the
Knudsen cell have been published in Refd [dema][TfO] and
[CsC,Im][PF4] were deposited at cell temperatures of 345 and 448 K,
respectively. The IL flux was monitored with a quartz crystal
microbalance before and after deposition to ensure a constant
evaporation rate. In former studies, [dema][TfO]"*? and
[CsC,ImI[PF]"*4"®  showed no signs of decomposition upon
deposition on Ag(111) at 90 K.

The Ag(111) single crystal with circular shape and diameter of
15 mm was purchased from MaTeck (purity 99.999 %, polished with
an alignment better than 0.1° to the (111) plane). It was cleaned by
short heating to >500K and subsequent Ar® sputtering (600 V,
8 uA, 30 min) at RT followed by annealing (800 K, 10 min). The
temperature was measured using a type K thermocouple put into a
0.5 mm wide pinhole of the single crystal, with an absolute
accuracy of 420 K (500 K) and a reproducibility of +2 K.

The UHV system for angle-resolved X-ray photoelectron spectro-
scopy (ARXPS) contains a non-monochromated Al Ka X-ray source
(SPECS XR 50, 1486.6 €V, 240 W) and a hemispherical electron
analyzer (VG SCIENTA R3000) (described in more detail in Ref."*). A
pass energy of 100eV was applied for all spectra, yielding an
overall energy resolution of about 0.9 eV.* The spectra were
quantitatively evaluated using CasaXPS V2.3.16Dev6. For the Ag 3d
spectra, a Shirley background® was subtracted and peaks were
fitted with Lorentzian line shapes. For the F 1s, C 1s, O 1s, S 2p and
N 1s regions, linear backgrounds were subtracted and the peaks
were fitted with Voigt profiles (30% Lorentzian contribution). For
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the macroscopic [CgC,Im][PF] and [C,C,Im][TfO] films, the XPS
binding energy (BE) scale was calibrated by setting C,, peak to
285.0 eV, which yielded a BE of Fc; peak of the [TfO]™ anion of
688.5 eV.'" XP spectra of the macroscopic film of [dema][TfO] were
referenced to this value of F; at 688.5eV."” Furthermore, all
macroscopic mixtures of [dema][TfO] and [CCiIm][PF;] were
referenced to C,,, at 285.0 eV.”” The spectra of ultrathin films were
referenced to the Fermi edge yielding 368.20 eV for Ag 3ds),. In
agreement with literature,"**'7°<'® we fitted the C 1s components
related to the [dema]® and [C,C,Im]* cations with two contribu-
tions, Cieero for the carbon atoms directly bonded to a nitrogen
(hetero) atom, and C,, for the alkyl carbon atoms further away
from the central nitrogen atom. In addition, we applied a constraint
for peak widths as wused before: fwhm(Cerero)=1.11
fwhm(Cyy,)."**'® Furthermore, we subtracted a residual carbon
contamination signal that could not be removed even after
repeated cleaning cycles.

The coverage of [demal][TfO] and [C4C,Im][PFs] on Ag(111) was
determined by measuring the attenuation of the Ag 3d substrate
signal at an emission angle of ¥=0° according to Lambert-Beer’s
Law (Eq. (1)), where d is the film thickness, ¥ is the emission angle,
A is the mean free path, I/, and I, are the intensity of the clean and
IL covered substrate signal, respectively. The interface composition
was analysed by comparing 0° and 80° data. By using Ka radiation,
the information depth (ID) at an emission angle of ¥=0°is 7-9 nm
(depending on the kinetic energy). At ¢ =80°, the ID reduces to 1-
1.5 nm, which means that only the topmost surface layers are
probed. The ID is defined as 3 times the inelastic mean free path (1)
of an Ag 3d electron (~1.1 keV) and is 2.5 nm in IL films <18

/ a
/_‘1: e T m
0

We use the definition of a monolayer (1 ML) of IL of a bilayer of
cation and anion irrespective of their relative arrangement. The
monolayer height h of [dema][TfO] and [C4C,Im][PF,] was calculated
from the respective molecular volume based on density values p
from literature as described previously."** We obtain for
[CoC,Im][PF] h=0.77 nm (o =1.23 g/cm®)*® and for [dema][TfO] h=
0.67 nm (p=1.29 g/cm?).2¥
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