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Abstract
Solid catalysts with ionic liquid layers (SCILLs) are heterogeneous catalysts which benefit signif-
icantly in terms of selectivity from a thin coating of an ionic liquid (IL). In the present work, we 
study the interaction of CO with a Pd model SCILL consisting of a 1-butyl-1-methylpyrrolidinium 
bis(trifluoromethylsulfonyl)-imide ([C4C1Pyr][NTf2]) film deposited on Pd(111). We investigate the CO 
permeability and stability of the IL film via pressure modulation experiments by infrared reflection ab-
sorption spectroscopy (IRAS) in ultrahigh vacuum (UHV) and at ambient pressure conditions by time-
resolved, temperature-programmed, and polarization-modulated (PM) IRAS experiments. In addition, 
we performed molecular dynamics (MD) simulations to identify adsorption motifs, their abundance, 
and the influence of CO. We find a strongly bound IL wetting monolayer (ML) and a potentially dewet-
ting multilayer. Molecular reorientation of the IL at the interface and multilayer dewetting allow for the 
accumulation of CO at the metal/IL interface. Our results confirm that co-adsorption of CO changes 
the molecular structure of the IL wetting layer which confirms the importance to study model SCILL 
systems under in situ conditions.
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1 Introduction

One strategy to improve the selectivity of heterogeneous 
catalysts relies on ionic liquids (ILs) as catalytic modifiers 
[1–3]. ILs are low melting salts (by definition with a melting 
point < 100 °C), which consist of organic cations and anions. 
Many ILs are liquid even at room temperature (RTILs). 
Due the large number of possible ion combinations, their 
physicochemical properties can be adapted in a task-specific 
fashion [4–8]. In the so-called solid catalyst with ionic liq-
uid layer (SCILL), an IL is applied as a thin coating on a 
conventional supported catalyst [2, 3, 9–12]. It has been 
shown that the IL layer strongly improves the selectivity, in 
particular in case of hydrogenation reactions for which the 
concept is already applied at industrial scale [11, 13–15].

In SCILL systems, the active metal sites are selec-
tively modified by adsorption of the IL ions [9, 15–17]. 
To design such systems on a knowledge-driven basis, it is 
essential to understand this interaction at the microscopic 
level. Here, surface science experiments in ultrahigh vac-
uum (UHV) can provide very detailed information [1, 10, 
18, 19]. As the vapour pressure of ILs is extremely low, 
stable IL films can be deposited by physical vapor depo-
sition (PVD) in UHV onto an atomically clean surface 
[10, 19–22]. In several surface science studies, the wet-
ting behavior and the orientation of IL ions at the solid/liq-
uid interface were investigated [18, 23–26]. Recently, we 

studied the interaction of 1-butyl-1-methylpyrrolidinium 
bis(trifluoromethylsulfonyl)-imide ([C4C1Pyr][NTf2]) with 
Pd(111) by infrared reflection absorption spectroscopy 
(IRAS), molecular dynamics (MD) simulations, and density 
functional theory (DFT) calculations [27]. We identified the 
most common binding motifs of the strongly bound [NTf2]− 
anions and showed that the binding motifs change dynami-
cally with the IL coverage.

Other important aspects of SCILL systems are the solu-
bility and diffusion behavior of reactants, intermediates, and 
products [3, 15–17, 28–30]. On the one hand, it is essen-
tial to form IL films which show a strong enough interac-
tion with the active metal to ensure complete wetting of 
the metal surface, since transport processes in the IL layer 
control the catalytic activity. On the other hand, the film has 
to be sufficiently dynamic to allow for permeation of the 
reactants to the active sites. In this study, we use CO as a 
probe molecule to test wetting, permeation, and adsorbate 
dynamics in an [C4C1Pyr][NTf2] layer on Pd(111) [3, 28, 
31]. We explored the molecular orientation and interaction 
mechanisms at the IL/Pd(111) interface by IRAS and polar-
ization modulation (PM) IRAS over a broad pressure range 
from UHV to ambient conditions. In particular, we tested (i) 
the influence of preadsorbed CO on the molecular arrange-
ment at the IL/metal interface and (ii) the permeability of IL 
thin films for CO both under UHV and ambient conditions. 
We rationalize our results based on Molecular Dynamics 
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(MD) simulations which allow for quantitative analysis of 
the preferred adsorption geometries. Our results show that 
CO permeability is only possible through dewetted IL mul-
tilayer areas and intermolecular interactions in the first wet-
ting layer are essential for CO co-adsorption.

2 METHODS

Experimental setup. The IRAS experiments were con-
ducted in a combined UHV IRAS system. The setup (base 
pressure of 1 × 10− 10 mbar) features various preparation and 
characterization tools which are necessary to prepare and 
investigate thin films. The setup is equipped with a vacuum 
Fourier-transform infrared (FTIR) spectrometer (Bruker 
Vertex 80v). A detailed description of the setup is given in 
the literature [32].

Preparation of the Pd(111) single crystal. The Pd(111) 
single crystal (MaTecK) was cleaned by several cycles of 
Ar+ sputtering (1 keV, 300 K, 60 min, 8 × 10− 5 mbar, Linde, 
purity 99.9999%). To this end, the sample was annealed at 
923 K for 10 min and cooled below 300 K, both in O2 atmo-
sphere (4 × 10− 8 mbar, Linde, purity 99.999%). A subse-
quent heating step to 923 K in UHV was applied to remove 
residual O2. The adsorption of CO at 300 K (1 × 10− 6 mbar, 
Westfalen 99.97%) was investigated by IRAS to check 
the cleanliness of the sample. Traces of carbonyls were 
removed from the supplied CO via a homebuilt liquid nitro-
gen trap, combined with a commercial adsorption filter (Pall 
Gaskleen II). After the stepwise CO adsorption, the sample 
was either briefly heated to 623 K to remove the adsorbed 
CO or exposed to a CO atmosphere (> 20 L, 300 K) to satu-
rate the surface.

Deposition of [C4C1Pyr][NTf2]. Thin films of the IL 
(thickness ~ 10 ML) were prepared by evaporation from a 
home-built Knudsen cell in form of a glass crucible loaded 
with [C4C1Pyr][NTf2] (Merck KGA, ≥ 98%). The evapora-
tor was pumped via a separate high vacuum line and baked 
at moderate temperatures for 24 h to aid degassing of the 
IL prior the experiments. For deposition, the IL was pre-
heated to 400 K and the shutter blocking the beam path was 
removed to start of the experiment.

Temperature-programmed IRAS (TP-IRAS). IR 
spectra were acquired while heating the samples with a lin-
ear heating ramp (1 spectrum/min, heating rate of 2 K/min, 
p-polarized light). The recorded data were adjusted for the 
dampening of IR signals with increasing temperature using 
the procedure described by Xu et al. [33]. The spectra were 
referred to the annealed sample at the end of the tempera-
ture ramp (700 K). Additionally, differential IR spectra were 
recorded by dividing each spectrum i by its predecessor i-1.

Polarization-modulated IRAS (PM-IRAS). The polar-
ization modulation-infrared reflection absorption (PM-IRA) 
spectra were recorded with a FTIR spectrometer (Bruker 
Vertex 80v) with a KBr beam splitter and a liquid N2-cooled 
HgCdTe detector. In the optical path prior to the sample, 
a polarizer and a photoelastic modulator (2f = 100 kHz, 
Hinds) were installed. The reflected IR beam was collected 
by a BaF2 focusing lens and directed to the detector. The 
modulated signal from the detector was processed by a lock-
in amplifier (Stanford Research Systems).

Remote-controlled mass flow and pressure controllers 
(both from Bronkhorst) allowed precise control of the pres-
sure and gas flow within the PM-IRAS reactor chamber. 
To remove remaining traces of metal carbonyls from the 
CO (Linde, > 99.997%), the gas was fed through a thermal 
carbonyl trap (Leiden Probe Microscopy) and further puri-
fied by an adsorptive gas purifier (Gaskleen II Purifier, Pall 
Corporation).

The preparation of the Pd(111) single crystal and depo-
sition of the IL thin films is described above. For the 
PM-IRAS experiments, the UHV-prepared samples were 
transferred through ambient conditions to the PM-IRAS 
reactor chamber. Subsequently, the reactor chamber was 
evacuated for 2 h to remove traces of water in the system. 
The thin IL layer protected the single crystal surface from 
contamination during the transfer from the UHV chamber to 
the PM-IRAS reactor in air. To obtain an IL-free Pd surface 
for the reference experiments, we proceeded as follows. The 
sample was heated in 20 vol% O2 in Ar at 1 bar and a flow 
of 10 mLN/min to 673 K (ΔT = 10 K/min). At this tempera-
ture, the reactor chamber was evacuated and flushed with 
20 vol% H2 in Ar at 10 mLN/min for 6 min. Thereafter, the 
reactor chamber was evacuated, and heating was stopped at 
a pressure of ~ 1 mbar. During the cooling process, CO was 
introduced to the chamber (10 mLN/min, 1 bar) starting at 
473 K. The procedure was applied twice. After the second 
cleaning procedure, the sample was heated to 523 K (10 K/
min) in CO (10 mLN/min, 1 bar). Finally, the sample was 
cooled to RT in 1 bar CO.

Following the cleaning procedure, an identical experi-
mental procedure was applied to the pristine Pd(111) and 
the [C4C1Pyr][NTf2]/Pd(111) sample. Both samples were 
exposed to CO at gradually increasing pressures up to 1 bar 
until the spectra showed no further changes. Afterwards, 
a heating ramp was performed in 1 bar CO (10 mLN/min) 
to 673 K (ΔT = 2 K/min). During the experiment, PM-IRA 
spectra were recorded with a resolution of 2 cm− 1 and an 
acquisition time of 2 min. The acquired spectra were nor-
malized to account for changes in reflectivity upon heat-
ing,[33] the superimposed Bessel function was subtracted, 
and the spectra were baseline-corrected. To improve the 
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The interplay with CO was explored from two different 
types of simulation models. For the models describing co-
adsoprtion, a CO adsorbate layer on Pd (111) was prepared 
with a surface coverage of θCO = 50% (attaching 756 explicit 
CO molecules to the surface slab model). For this, each CO 
molecule was randomly placed at one of the ideal adsorp-
tion sites. Next, IL molecules were added following the 
procedure described above. Thus, another 25 co-adsorption 
systems are obtained which can be compared with the 25 
systems describing the pure IL layers on the Pd surface. 
Further, we explored CO penetration via pure IL layers by 
adding a gas atmosphere to the Pd-IL models. To boost IL 
permeation, the number of CO molecules is chosen as 1.5 
times as would be necessary for 50% coverage of the Pd 
surface beneath the IL layer. For the thickest IL layer model 
exhibiting no CO permeation, this approach leads to a pres-
sure of 100 atm.

3 RESULTS AND DISCUSSION

3.1 Effect of Preadsorbed CO on the 
[C4C1Pyr][NTf2]/Pd(111) interface - MD Simulations

Detailed insights into both the wetting layer and the overly-
ing multilayers in the IL/Pd system were derived from MD 
simulations. In particular, we study CO-induced changes of 
the structural orientation of IL molecules on the Pd surface. 
For this purpose, it is useful to use a classification in terms 
of the predominant adsorption motifs, which we perform 
in analogy to previous studies [27]. We label the adsorp-
tion motifs of [NTf2]− with two indices “i-j”, indicating the 
number (0 to 2) of Pd-O interactions of the oxygen atoms of 
each of the two SO2 moieties, respectively. The motifs for 
the [C4C1Pyr]+ cation are labelled according to the chains/
parts of the molecule pointing away from the Pd slab. Illus-
trations of the adsorption motifs of are provided in Fig. 1b.

We first examined [C4C1Pyr][NTf2] film formation of 
Pd(111) as a function of surface coverage. Starting with 
a rather small number of IPs (18 per 99 nm²), we added 
further IL pairs in a step-wise manner and contrasted the 
resulting arrangements in terms of predominant adsorption 
motifs during the evolution from sub-monolayers to multi-
layers. Figure 1 depicts the MD-derived conformer analysis 
of [NTf2]− (Fig. 1c) and [C4C1Pyr]+ (Fig. 1d) on the pristine 
Pd(111) surface. At low coverages (18 to 90 IPs), the “1–1” 
motif is most dominant for the anion. This “flat” arrange-
ment however appears as quite space-demanding and upon 
adding further IPs we observe increasing occurrence of the 
less space-demanding adsorption motifs “2–2” and “2 − 1”. 
This indicates that the [NTf2]– anions reorient to form a more 
densely packed wetting layer and marks the point at which a 

signal-to-noise ratio, three consecutive PM-IRA spectra 
were averaged.

Molecular dynamics (MD). Fully atomistic MD simula-
tions were performed with the Large-scale Atomic/Molecu-
lar Massively Parallel Simulator (LAMMPS) with the code 
version from 29th October 2020 and the additional GPU 
package for acceleration [34]. The integration step for all 
simulations was set to 1.0 fs. To impose constant tempera-
ture, all systems were coupled to the Berendsen thermostat 
with a relaxation constant of 0.5 ps [34]. The atomic inter-
actions were described by molecular mechanics potentials 
using a cut-off delimiter of 12 Å along with the shifted-force 
implementation to avoid force fluctuations near the cut-off 
distance. Long-range electrostatics were considered by the 
damped Coulomb approach [35] using a damping param-
eter of 0.55 Å− 1 which is determined by a damping param-
eter study (see Supporting Information, SI) to mimic Ewald 
summation [36].

The partial charges were determined using Gaussian 09, 
revision D.01 code, via the “restricted electrostatic poten-
tial” (RESP) method at the HF/6-31G* level and refined 
by the antechamber tool from the Amber20 package. A full 
list of all atom charges is provided in the SI. The General 
AMBER Force Field (GAFF) 2.11 suite, as released with the 
Amber20 package [37] was used for describing the IL and 
its interactions with CO and the metal substrate. In turn, for 
the CO-Pd interactions we used the specific model reported 
in ref. [38] which was demonstrated to show near quantum 
chemical accuracy. The CO-CO interactions were described 
by a three-sided model as adopted from [39], whereas the 
Pd-Pd interactions were taken from [40], respectively.

The (111) Pd surface is modeled by a 2D periodic slab 
of about 20 Å thickness arranged normal to the z direction. 
The dimensions of the simulation box in x and y direction 
(surface coordinates) were chosen as 99 × 100 Å² whereas 
an extension of 110 Å is applied along the z direction. Nor-
mal to the Pd surface, our model thus features a 90 Å sized 
gas phase or vacuum. The latter is terminated by a repulsive 
wall.

To this basic system setup, we then added IL molecules 
in a charge-balanced manner. Different degrees of coverage 
were considered, starting with submonolayers of IL, full 
monolayers (MLs), and finally multilayers/thin films. Our 
submonolayer model was chosen as a coverage of 18 IL ion 
pairs (IPs) per 99 nm² surface area. In turn, our largest mul-
tilayer model comprises 450 IPs per 99 nm². Between these 
limits, differently dense IL layers were generated on the Pd 
slab at density intervals of 18 IPs per 99 nm² leading to 25 
different systems. Each of these systems was relaxed from 
95 ns scale MD runs to ensure convergence of total energy 
and structural data, before final sampling from additional 5 
ns runs (see illustration in Fig. 1a).
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[C4C1Pyr]+ species also adopts the more upright standing 
adsorption motifs “ring up”, “long up” or even “upright”.

In summary, we find three distinct coverage regimes in 
the [C4C1Pyr][NTf2]/Pd system which differ in terms of 
predominant adsorption motifs: submonolayer (< 90 IPs, 
arranged as space-demanding conformers), densified ML 
(90–144 IPs, which partly reorganize to less space-demand-
ing conformers), and multilayer (> 144 IPs). We find strik-
ing differences between the IL orientation within the layer in 
direct contact to Pd (referred to as wetting layer) and the IL 
arrangement in additional layers located further away from 
the surface. In turn, the structural alignment within the wet-
ting layer remains intact regardless of the number of overly-
ing IL layers.

We then investigated the influence of preadsorbed CO 
molecules on the nature of [C4C1Pyr][NTf2] submono-/
mono-/multilayers. For this, the surface coverage of 

complete ML is formed. Accordingly, the full monolayer is 
identified as 144 IPs per 99 nm². This point of maximum ML 
densification is reached at ~ 1.5 times the minimum number 
of IL needed for full coverage of the Pd(111) surface. Mod-
els comprising more than 144 IPs showed the formation of 
extra layers, whilst no significant changes in anion confor-
mation within the contact ML are observed.

For [C4C1Pyr]+ interactions with the Pd surface (Fig. 1d), 
we differentiate between the more space-demanding motifs 
“ring up” and “short up” and the less space-demanding 
motifs “long up” and “upright”. In the sub-monolayer 
regime (18 to 90 IPs), [C4C1Pyr]+ accumulates as “short 
up” conformers. After formation of a full wetting layer 
(90 IPs), [C4C1Pyr]+ cations partially reorient to the less 
space-demanding “long up” motifs. This progresses up to 
50% conversion of the “short up” motifs when reaching the 
full ML density (144 IPs). In the multi-layer systems, the 

Fig. 1 Top: (a) Illustration of 
the MD simulation process: ini-
tialization by placing molecules 
in generic pattern - relaxation 
at 1000 K and annealing to 
300 K - sampling and analysis of 
adsorption motifs; (b) selected 
adsorption geometries for [NTf2]- 
(left) and [C4C1Pyr]+ (right). 
Bottom: Conformational analysis 
of (c) [NTf2]- on Pd(111), (d) 
[C4C1Pyr]+ on Pd(111), (e) 
[NTf2]- co-adsorbed with CO 
on Pd(111), (f) [C4C1Pyr]+ co-
adsorbed with CO on Pd(111) 
is shown as a function of the 
number of IPs and the distribu-
tion of the respective adsorption 
motifs. Submonolayer, ML, and 
multilayer regions are separated 
by vertical lines (black)
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spectra using the predecessing spectrum as a background 
(Sdiff = Si/Si−1). These spectra reflect minute changes in the 
IR spectrum as a function of temperature.

We first consider the changes of the IL bands in Fig. 3b. 
Note that the differential plots reflect the dynamic changes 
on the timescale of the experiment (1 min) with positive 
bands (pointing up) indicating a loss of intensity while neg-
ative bands (pointing down) indicate a gain. S-shaped bands 
indicate a shift in the vibrational frequency. We observe 
small positive and s-shaped signals at 1358, 1209, 1133, 
and 1063 cm− 1 between 300 and 370 K, which increase in 

θCO = 50% of a thermodynamically stable CO-saturated Pd 
(111) surface at RT was implemented to the Pd (111) slab 
before re-evaluating IL association (see experimental and SI 
for further details). A direct consequence of this treatment is 
the packing of IL molecules in favour of less space-demand-
ing adsorption motifs, namely “2–2” and “2 − 1” simultane-
ous to “1–1” conformers of [NTf2]− (Fig. 1e). Similarly, the 
less space-demanding “short up” and “long up” motifs are 
observed for [C4C1Pyr]+ in the CO pre-treated submono-
layer systems (Fig. 1f). These findings indicate that the IL 
molecules intercalate the preadsorbed CO layer by adopting 
a space-saving conformation. In turn, this causes the com-
pression of the CO adsorbate layer. This carries on during 
ML formation (90 to 144 IPs), and the maximum degree of 
compression of the CO-IL adsorbate layer is reached at 144 
IPs in full analogy to the CO-free systems described above. 
Indeed, we find IL association to the CO pre-treated surface 
follows similar adsorption motifs as observed for the full 
ML of IL adsorbed to the pristine Pd surface. Ions in the IL 
multilayer are loosely bound to the underlying wetting layer 
and the IL-IL interaction is dominant (see Figure S1 and gif 
S1). This leads to 3D island growth of the IL multilayer on 
top of the dense CO/IL co-adsorbate layer. Interestingly, the 
IL shows the opposite behaviour in case of dominant Pd-IL 
interaction, i.e., in case of a pure Pd surface or if only a 
small amount of IPs are added up to maximum compression 
of the CO adsorbate layer. Here the IL shows layer-by-layer 
growth.

3.2 Effect of Preadsorbed CO on 
[C4C1Pyr][NTf2]/Pd(111) interface - IRAS Studies

Next, we exploit the insights from the MD simulations to inter-
pret IRAS experiment on the [C4C1Pyr][NTf2]/CO/Pd(111) 
system. As a basis for the assignment of the IR bands, we 
briefly revisit the multilayer spectrum of [C4C1Pyr][NTf2] 
in UHV (Fig. 2, multilayer film deposited by PVD on 
Pd(111)). The peak assignment in Table 1 is based on DFT 
data, attenuated total reflection (ATR) spectra [27, 31] and 
previous IRAS studies on other metal supports [26–28, 31]. 
Note that for IRAS measurements, the so-called metal-sur-
face selection rule (MSSR) applies; only dipole moments 
of the adsorbates along the surface normal are visible [41].

In general, the experimental IRA spectra agree well with 
the ATR spectra proving deposition of the IL film without 
any indication for decomposition.

We prepared [C4C1Pyr][NTf2] films on CO-precovered 
Pd(111) by exposing Pd(111) to CO until saturation and sub-
sequent deposition of [C4C1Pyr][NTf2] by PVD (Fig. 3a). 
Subsequently, a linear heating ramp (2 K min− 1) was 
applied while continuously recording IR spectra (acquisi-
tion time 45 s). The IR data is also visualized as differential 

Table 1 IL peak assignment based on [C4C1Pyr][NTf2] multilayer 
spectrum on Pd(111)
Peak position Assignment [26–28, 31]
1355 cm− 1 ν(SO2)as

1230 cm− 1 ν(SO2)s+ν(CF3)s
1212 cm− 1 ν(SNS)as+ν(CS)+ν(CF3)s
1142 cm− 1 ν(SO2)s+ν(CF3)as
1063 cm− 1 ν(SNS)as+ν(CF3)s+ν(SO2)s
1468 cm− 1 ν(CHx)

Fig. 2 IRA spectra of [C4C1Pyr][NTf2] multilayer, prepared by PVD 
onto Pd(111), together with a schematic illustration of the in situ UHV 
IRAS setup
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We assign the signal at 1896 cm− 1 to CO on bridge sites 
(CObr) that are red-shifted by the co-adsorption of the IL. 
Similar shifts we observed in previous work and mainly 
attributed to a Stark shift originating from the interfacial 
electric field induced by the of the IL co-adsorbates [3]. 
Thus, the shift demonstrates the formation of a mixed CO/
IL layer in agreement with the findings from MD. The shift 
of the band to lower wavenumbers with increasing tempera-
ture is attributed to CO desorption, which results in reduced 
dipole coupling [41, 42]. Based on the conformational 
changes observed in MD simulations, we attribute the sig-
nal at 1798 cm− 1 to CO adsorbates on de-occupied Pd sites 
created by changes in the binding motif of [NTf2]− upon 
dewetting in the multilayer [27]. Furthermore, competitive 
adsorption of IL and CO species leads to early desorption 
of CO. Compared to CO adsorbed on pristine Pd(111), the 
desorption temperature of CO in the presence of the IL is 
lowered from 470 K to 390 K (see below), which is in line 
with our previous studies [43].

Our combined insights from MD simulations and IRAS 
studies show that there are mutual interactions between CO 

intensity at 380 K and disappear above 400 K. The signals 
indicate a dewetting transition and subsequent desorption 
of the multilayer [31]. In contrast, we observe weak peaks 
characteristic for the IL wetting layer even above 400 K. 
This observation shows that the IL wetting layer remains 
intact after desorption of the multilayer. The weak bands 
on the multilayer at higher temperature demonstrate that 
desorption and/or decomposition of the remaining IL ML.

In Fig. 3b, we present two sets of spectra for the CO 
desorption from the CO-saturated and IL-coated Pd(111) 
sample. In the left panel, the absolute signals are shown. We 
observe a dominating signal at 1896 cm− 1, which decreases 
in intensity, shifts to 1837 cm− 1, and disappears at 390 K. 
Simultaneously, a broad and weak signal at 1798 cm− 1 
appears, which first increases in intensity and then disap-
pears at 390 K. In the right panel, we display the differential 
plot. Here, we observe an s-shaped signal around 1900 cm− 1, 
which increases in intensity up to 370 K. Above this temper-
ature, we observe a desorption signal at 1784 cm− 1, which 
disappears above 400 K.

Fig. 3 Time-resolved and temperature-programmed IRAS experiments 
showing the dynamic adsorption/desorption processes on CO pre-sat-
urated and IL-precoated Pd(111). (a) Experimental setup; (b) from left 

to right: IR spectra in the CO region acquired during heating (under 
UHV); integrated intensities of the CObr bands and [NTf2]− bands; dif-
ferential IRA spectra (Sdiff) in the [NTf2]− region and CO region
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layer (90 IPs) or even several ML (investigated for up to 
450 IPs) we find isolated events of CO association to the Pd 
surface occurring within time scales of 100 ns and beyond.

To compare the different scenarios in terms of energy, 
we therefore deleted 2/3 of the CO molecules from the gas 
atmosphere and, after 5 ns scale relaxation, contrasted the 
average system energy to that of the corresponding CO-pre-
treated models. In agreement with our structural analyses, 
we find roughly equal energy levels for the models compris-
ing up to 54 IPs. In turn, our models featuring more than 144 
IPs consistently shows energetic favoring of CO associa-
tion to Pd by 27.66 kcal/mol (see also supporting figure Fig 
S2). While we cannot reach the thermodynamic equilibrium 
within the short time scales of our MD runs, we can still 
analyze fundamental aspects of (yet incomplete) CO pen-
etration from a more qualitative viewpoint. The local mass 
density profiles after 200 ns are shown as a function of dis-
tance from the surface in Fig. 4. In the MD run featuring 
the IL submonolayer (highlighted in red), penetrating CO 
molecules account for two peaks at ~ 1.5 and 2.75 Å dis-
tance to the surface (see Figure S3 and gif S2, S3). For the 

and IL adsorbates in wetting layer of the model SCILL. 
Coadsorbed CO induces structural changes in the IL wet-
ting layer and compression effects lead to a substantially 
lowered CO desorption temperature.

3.3 CO Permeability of [C4C1Pyr][NTf2]/Pd(111) - 
Molecular Dynamics

Next, we focus on the association of CO to IL thin films as a 
post-processing step. For this, we revisit our MD simulation 
models of Pd (111) surfaces covered by an IL submonolayer 
(18 to 72 IPs = 0.2 to 0.8 ML), MLs (90 to 144 IPs = 1.0 
to 1.5 ML), and multilayer films (162 to 450 IPs = 1.8 to 
5.0 ML). To each of these models, a CO gas atmosphere at 
300 K was added and subjected to 200 ns scale MD runs. 
Relaxation was monitored in terms of the z-density pro-
files. Despite the initially 100 bar pressure of the CO gas 
reservoir, we find only partial relaxation of the Pd-IL-gas 
interfaces. Only the models with 18 to 72 IPs showed CO 
permeation between the IL layer in analogy to the CO pre-
treated systems. For the MD runs featuring a full wetting 

Fig. 4 Analyses of Pd-IL inter-
faces with a ~ 100 bar CO gas 
atmosphere. The local mass den-
sity profiles as functions of the 
distance from the surface and the 
number of IPs are sampled for 
snapshots taken after 200 ns MD 
runs. Subject to the number of IP 
associated to the metal surface, 
interface relaxation is incomplete. 
The wetting layer is separated 
from the overlying molecules by 
the vertical line. Penetration by 
CO is clearly visible in sub-
monolayer (red curves), whereas 
it decreases in the ML (green 
curves) and is no longer visible in 
the multilayer (black curves)
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demonstrates that IL submonolayers (< 90 IP per 99 nm²) 
are heavily affected by CO intercalation in terms of the 
adsorption motifs in the wetting layer. These conforma-
tional changes are similar to the effect of densification of the 
[C4C1Pyr][NTf2] film at coverages of 90–144 IP per 99 nm² 
in the absence of CO (compare Fig. 5a, c). In particular, 
we observe the appearance of energetically less favorable 
conformers which are then displaced even more easily by 
further CO molecules. The CO molecules cause structural 
changes of the IL wetting layer but do not induce IL desorp-
tion (see Figure S3). Note that in the submonolayer regime, 
the structural changes in the IL are independent of the 
sequence of adsorption. The IL is mobile enough to allow 
for the formation of a compressed co-adsorbate layer via 
formation of less-space demanding conformers in the wet-
ting layer.

Upon densification of the IL film (> 90 IPs), the IL ions 
adopt less space-demanding motifs both in the absence and 
presence of CO. Furthermore, we find that the compressed 
IL ML as well as the IL multilayer (> 144 IPs per 99 nm²) is 
not permeable for CO molecules.

interface models featuring larger numbers of IPs, the occur-
rence of direct CO-Pd contacts after 200 ns relaxation runs 
is significantly lower (in some cases even zero) (see gif S4). 
Discrimination of the mass density profiles in terms of CO, 
anion and cation species are provided in the supporting fig-
ure (Fig S4 to S7).

In Fig. 5, we show the analysis of the adsorption motifs 
at all IL coverages with and without overlying CO atmo-
sphere. Due to the slow permeation of the IL layer by CO, 
we caution that only the data for 54 IPs or less may be con-
sidered as safely converged. In turn, the models featuring 
CO gas atmospheres in contact to interfaces of more than 72 
IPs refer to intermediate (200 ns) snapshots.

For better comparison, the IL conformations on pure 
Pd(111) are shown in Fig. 5a, c. Due to the slow adsorp-
tion kinetics of CO, it is difficult to achieve a fully equili-
brated system on this space and time scale of the simulation. 
However, an equivalent, fully equilibrated system could be 
obtained by annealing an CO adsorbate layer (θCO = 50%) 
with the same number of IPs (compare Fig. 1). Compared to 
the CO-free system, we observe dramatic changes in the IL 
conformation, in particular in the submonolayer regime. In 
particular, the less space-demanding adsorption motifs are 
already dominant at very low IL coverage. This observation 

Fig. 5 Conformational analysis of (a) [NTf2]- on Pd(111), (b) [NTf2]- 
on Pd(111) exposed to CO, (c) [C4C1Pyr]+ on Pd(111), (d) [C4C1Pyr]+ 
on Pd(111) exposed to CO – as obtained after 200 ns scale relaxation. 

The distribution of the respective adsorption motifs is shown as a func-
tion of the number of IPs. Submonolayer, ML, and multilayer regions 
are separated by vertical lines (black)
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modulation (timescale 60 s). Further information refer to the 
experimental section and our previous work [44].

For comparison, we present three sets of data for CO 
adsorption on clean Pd(111) in Fig. 6b. Spectra recorded in 
CO atmosphere (SCO, left panel) show a signal at 1936 cm− 1 
at 300 K. The signal shifts to lower wavenumbers and 
decreases in intensity, until it disappears at 1814 cm− 1 above 
550 K. In agreement with the literature, we assign the sig-
nal at 1936 cm− 1 to mixture of CObr and CO on three-fold 
hollow sites (COh). With increasing temperature, the band 
shifts towards to the singleton frequency of isolated COh, 
indicating the desorption of the more weakly bound CObr 
adsorbates [45]. The results are in good agreement with 

3.4 CO Permeability of [C4C1Pyr][NTf2]/Pd(111) – 
IRAS Studies

Next, we studied the permeability of IL films (approx. 10 
ML) for CO experimentally by IRAS (see Fig. 6a). We 
heated the IL films (2 K min− 1) and simultaneously applied 
CO pulses (10− 5 mbar CO for 45 s, UHV for 75 s). IR 
spectra were recorded during each interval. We obtained 
three sets of spectra, namely (i) one set recorded under CO 
pressure (SCO), (ii) one set recorded under UHV condi-
tions (SUHV), and (iii) one set of differential spectra (Sdiff 
= SCO / SUHV). The differential spectra reflect the dynamic 
adsorption and desorption processes induced by pressure 

Fig. 6 Time-resolved and 
temperature-programmed 
IRAS experiments showing the 
dynamic ad/desorption processes 
on clean and IL-coated Pd(111). 
(a) Experimental procedure; 
(b) IR spectra acquired during 
CO pulses and heating of clean 
Pd(111); (c) IR spectra acquired 
during CO pulses and heating of 
IL-coated Pd(111)
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the anion allows for increased CO adsorption in a less dense 
IL film [27].

The process, however, is not quick enough to be visible 
in the differential plots. The amount of CO continuously 
increases with increasing dewetting. As soon as the IL mul-
tilayer has desorbed above 390 K, no static CO adsorption 
is observed any more. Instead, the differential bands indi-
cate that CO rapidly ad/desorbs dynamically dependent 
on the pressure. This observation highlights that CO per-
meation through the remaining IL wetting ML is enhanced 
after the desorption of the multilayer. The shift of the CO 
band to lower wavenumbers with increasing temperature is 
attributed to depopulation of bridging sites. Meanwhile, the 
more strongly adsorbed COh gives rise to the signal at lower 
frequency. Note that the persistently strong Stark shift of 
the CO band proves the integrity of the IL wetting ML as 
the CO species co-adsorb and form a compressed IL/CO 
layer. Partial dewetting of the IL film and rearrangement 
of [NTf2]− towards the “2–2” motif allows for CO adsorp-
tion in between the ions. At 550 K, the CO band position 
at 1824 cm− 1 is identical to the one observed for both the 
pristine Pd(111) at high temperatures (Fig. 6b, right panel) 
and clean Pd(111) with low coverages of CO [27]. Thus, 
we assign the feature to COh without any Stark shift due 
to disintegration of the IL wetting ML through desorption 
or decomposition [52]. Above 630 K, no dynamic CO ad/
desorption signal is observed as the steady state coverage 
in the presence of CO becomes too low (differences to the 
experiment on clean Pd(111), see Fig. 6b, originate from 
different scaling on both plots).

In summary, we find that under UHV conditions CO 
only gradually permeates the IL multilayer film as the lat-
ter increasingly dewets in the multilayer region and leaves 
a wetting ML behind. In the presence of the CO, the IL 
changes the adsorption motif and the [NTf2]− anion adopts 
a “2 − 0” binding motif. At elevated temperature and after 
desorption of the IL multilayer, CO dynamically adsorbs 
and desorbs in the presence of the IL wetting ML. Dynamic 
CO adsorption and desorption is seen also after breakdown 
of the IL wetting ML above 550 K and ceases above 630 K. 
Furthermore, our combined MD and IRAS data demon-
strates the ability of the [NTf2]− ions to adsorb in different 
binding motifs and that the adsorption motif changes with 
the coverage of the CO co-adsorbate.

3.5 CO Permeability of [C4C1Pyr][NTf2]/Pd(111) - 
PM-IRAS Experiments at Ambient Pressure

Finally, we investigate the temperature-dependent CO per-
meability of the [C4C1PyrNTf2] films on Pd(111) at pressures 
up to 1 bar. To this end, we apply PM-IRAS measurements. 
Again, we first performed a reference experiment by heating 

temperature-programmed desorption (TPD) experiments, 
but the characteristic changes occur at higher temperatures 
due to the background pressure of CO [46, 47]. The spectra 
recorded in UHV (SUHV, Fig. 6b,) display a similar trend, 
but desorption occurs at 80 K lower temperature. This data 
resembles the TPD data if we take into account the lower 
heating rate of 2 K/min [46, 47].

In the differential plot (sdiff, right panel) in the region 
from 300 to 470 K, the s-shaped band originates from the 
shift of the CO stretching band when the coverage changes 
as a result of the CO pressure. It is, therefore, a signature 
of dynamic ad/desorption of CObr [42, 48]. The signal 
observed between 470 and 550 K results from dynamic ad/
desorption of COh. Above 550 K, no changes are observed, 
since the binding energy of CO is too low for adsorption at 
these temperatures.

In Fig. 6c, we display the results after repeating the 
same experimental procedure for a sample loaded with an 
IL multilayer (10 ML) on Pd(111). The recorded data are 
plotted as absolute (SCO, left panel) and differential spectra 
(Sdiff, IL bands in center panel, CO bands in right panel). 
Below 390 K, the appearance of s-shaped IL bands indicates 
band shifts due to changing molecular interactions within 
the multilayer. An IL film can exhibit different growth mor-
phologies, such as layer-by-layer growth or 3D islands on a 
wetting layer [49]. Note, however, that for all IL/metal sys-
tems investigated, the first IL ML in contact with the metal 
surface was found to be a closed wetting layer [50, 51]. The 
behavior in the temperature-programmed experiments indi-
cates migration of the IL and partial, gradual dewetting in 
the multilayer (droplet formation) on top of an intact ML 
film. At 390 K, we observe pronounced bands, which indi-
cate the desorption of the IL multilayer at this temperature.

Up to 390 K, the differential CO spectra do not reveal 
any bands, while the static CO spectra indicate a band at 
1796 cm− 1 upon heating, which steadily increases in inten-
sity. At 390 K, we observe the loss of the CO band (left 
panel), which coincides with desorption of the IL. Imme-
diately afterwards, a band at 1794 cm− 1 appears in the 
differential CO spectra (right panel). Until 550 K, it gradu-
ally red-shifts by 55 cm− 1 to 1739 cm− 1 while decreasing 
slightly in intensity. Above 550 K, the signal at 1739 cm− 1 
disappears and a sharper signal at 1824 cm− 1 appears, which 
is lost at 630 K.

We assign the signal at 1796 cm− 1 observed in the abso-
lute spectra to COh co-adsorbed with the IL. The static CO 
bands indicate an increasing amount of CO which perme-
ates the IL and adsorbs to the Pd surface. In accordance 
with our MD simulations, we find that CO permeation is 
not possible for the intact IL multilayer: only upon heating, 
static CO adsorption occurs through the partially dewetted 
IL multilayer film. Here, the changing adsorption motif of 
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spectra. In the spectrum recorded in vacuo (~ 1 mbar), a 
peak at 1848 cm− 1 is observed due to CO molecules which 
pre-adsorb to the surface during the UHV preparation. This 
peak shifts to higher wavenumbers and increases in inten-
sity with a gradual increase of the CO pressure. At 1 bar, the 
peak is located at 1863 cm− 1.

We attribute this peak to CObr co-adsorbed with the 
IL on Pd(111). In comparison to experiment on pristine 
Pd(111), we observe a red-shift of 59 cm− 1 which we attri-
bute to the effect of the co-adsorbed IL [3]. In comparison 
to the CO adsorption peak observed under UHV condi-
tions (1896 cm− 1), the peak at elevated pressure is shifted 
to lower wavenumbers. This is attributed to the absence of 
pre-adsorbed CO and possible contaminations, resulting in 
an overall lower CO surface coverage. We observe a clear 
pressure dependency of the CO adsorption peak. Note that 
the most pronounced spectral changes occur at relatively 
low pressure. We attribute the increase of the CO peak and 
its shift to higher wavenumbers to adsorption of additional 
CO after penetration of the IL film [55]. In contrast to the 
UHV experiments, CO adsorption occurs already at 300 K 
in the course of the PM-IRAS experiments. We assume that 
a change of the morphology of the IL film may occur during 
transfer from UHV to the PM-IRAS setup though ambient 
conditions. Similar to the trend in the TP-IRAS experiments, 
partial dewetting of the IL multilayer occurs, presumably 
due to exposure of the film to moisture during transfer in air 
[57, 58]. As a result, CO permeates the exposed wetting IL 
ML already at RT.

Subsequently, we heat the [C4C1Pyr][NTf2]/Pd(111) 
sample to 675 K in 1 bar CO while acquiring PM-IRA spec-
tra. The results are displayed in Fig. 7c. In the IL region, 
characteristic peaks are visible at 1060 cm− 1, 1139 cm− 1, 
1204 cm− 1, 1355 cm− 1, and 1474 cm− 1. Upon heating, the 
peaks decrease in intensity until they vanish around 500 K.

The peaks agree with the signals obtained during the 
UHV experiment (see Table 1 for a detailed assignment). 
The decreasing intensity of the IL peaks is due to the desorp-
tion of the IL multilayer at 500 K. Unfortunately, the IL wet-
ting ML signals are not distinguishable from the noise in the 
PM-IRA spectra. The fact that desorption occurs at higher 
temperature compared to the TP-IRAS experiment in UHV 
(Tdes = 390 K, see above, and the references [31]) is ratio-
nalized by the overall increased pressure in the PM-IRAS 
setup. Higher background pressure hinders diffusion of 
desorbed IL molecules away from the sample and enhances 
re-adsorption of the IL at temperatures above the multilayer 
desorption temperature in UHV. For an estimation of the 
adsorption, desorption, and diffusion processes, we refer to 
the SI.

In the CO region, the peak at 1863 cm− 1 shifts to 
1902 cm− 1 and, thereafter, with a slower rate to ~ 1913 cm− 1. 

of the pristine Pd(111) in CO atmosphere in the absence of 
the IL (Fig. 7a). We observe a CO bands at ~ 1922 cm− 1 at 
300 K, which decreases in intensity during heating and red-
shifts to 1904 cm− 1 before it vanishes at 560 K.

CObr on Pd(111) at near-ambient pressure of CO and 
300 K gives rise to an IR band around 1940 cm− 1 [53, 54]. 
The band observed in our experiment is shifted to lower 
wavenumbers. We attribute the discrepancy to contamina-
tions which reside after the cleaning procedure (for details 
see Experimental Section). Impurities on the metal surface 
reduce the coupling between the CO adsorbates and, thus, 
leads to a peak at lower wavenumbers. Upon heating fur-
ther, the CO coverage decreases further and the band shifts 
to 1904 cm− 1 [55]. The desorption temperature of 560 K is 
in good agreement with the trend obtained from the experi-
ment in UHV and 10− 5 mbar CO (470 and 550 K, respec-
tively) [56].

Next, we investigate a Pd(111) sample loaded with an 
[C4C1Pyr][NTf2] film at different pressures ranging from ~ 1 
mbar to 1 bar CO at RT. Figure 7b depicts the corresponding 

Fig. 7 (a) Color-coded intensity plots of a temperature-programmed 
PM-IRA experiment for CO/Pd(111), (b) PM-IRA spectra recorded 
during CO dosing on [C4C1Pyr][NTf2]/Pd(111). To improve the sig-
nal-to-noise ratio, four consecutive spectra were averaged. (c) Color-
coded intensity plots of temperature-programmed PM-IRA spectra of 
CO/[C4C1Pyr][NTf2]/Pd(111)
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multilayer films. Partial multilayer dewetting, e.g. due 
to partial desorption/restructuring, however, enables 
slow accumulation of adsorbed CO from the gas phase 
through the exposed IL wetting ML. After desorption 
of the IL multilayer, an IL wetting layer resides, which 
enables fast and dynamic ad/desorption of CO. The IL 
wetting layer remains intact upon dynamic CO adsorp-
tion and desorption, as demonstrates by both the MD 
simulations and the IRAS/PM-IRAS experiment. Upon 
the adsorption of the CO, the IL wetting layer responds 
to the presence of the co-adsorbate and the ions adopt to 
less space-demanding adsorption motifs on the surface. 
At near ambient pressure, CO is able to penetrate the IL 
layer already at RT. We attribute this effect to the higher 
background pressure and a more pronounced 3D drop-
let formation leaving behind the IL wetting layer.

The mutual interactions between the IL wetting layer and 
probe molecules at the noble metal interface are of funda-
mental importance for the selectivity control by IL layers in 
catalytic materials. Combining theory and experiment, we 
demonstrate the importance of the dynamic nature of the IL 
wetting layer for the adsorption process in the catalyst sur-
face. We propose that the flexibility of the adsorption motifs 
of the is a key factor which can be used to control the effect 
of the IL on the adsorption and reaction behavior.
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This is due to two superimposing effects, a reduced Stark 
shift upon desorption of the IL wetting ML [3] and/or 
increased coupling between CO adsorbates on Pd(111) [55]. 
Both effects lead to a shift of the peak to higher wavenum-
bers. The CO peak intensity, which serves as an indicator for 
the CO coverage, increases up to 430 K in the presence of an 
IL multilayer. A further increase of the temperature leads to 
a loss of CO until the signal vanishes [53].

We conclude that with further heating, the area of par-
tially depleted IL multilayer increases. A change of the IL 
film morphology towards 3D islands during heating was 
observed both by Syres et al. [59] and to a lesser extent in 
the UHV experiment (see above). In consequence, the over-
all CO permeability of the system increases, which allows 
for the adsorption of CO through the IL film already below 
the multilayer desorption temperature. In our experiment, 
this leads to an increase of the CO coverage and, hence, 
the increase of the CO band and a shift of the peak posi-
tion to higher wavenumbers. In comparison to the reference 
experiment on pristine Pd(111), no shift of the CO peak to 
lower wavenumbers occurs upon desorption. From that we 
conclude that at 540 K the IL wetting ML is still present on 
the surface.

4 Conclusion

In this work, we investigated the interaction of a Pd-based 
model SCILL system with CO. We combined theoreti-
cal insights from MD calculations with experimental data 
obtained by time-resolved and temperature-programmed 
IRAS experiments in UHV. In particular, we investigated 
the mutual interactions of co-adsorbed CO and IL and tested 
the dynamic ad/desorption as a function of temperature both 
in UHV by IRAS and at 1 bar CO pressure by PM-IRAS. 
The main conclusions of the study are summarized in the 
following:

(1) Morphology and stability of the IL film: While being 
stable at RT, the IL multilayer separates into a strongly 
adsorbed IL wetting ML and 3D droplets on top upon 
heating. While the IL multilayers desorbs at 390 K 
under UHV conditions, the IL wetting ML remains sta-
ble up to 550 K.

(2) CO-induced changes of IL wetting layer: Pre-adsorbed 
CO molecules induce conformational changes of the IL, 
in particular in the wetting layer. Here, the IL adopts 
less space-demanding conformers in comparison to 
adsorption of a pristine Pd(111) surface. This makes it 
possible for CO to co-adsorb in a dense IL wetting layer.

(3) CO permeability of [C4C1Pyr][NTf2]: We find that CO 
permeation does not occur for perfectly closed 2D IL 
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