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A B S T R A C T   

Solid catalysts with ionic liquid layers (SCILLs) are heterogeneous catalysts whose selectivity is significantly 
improved by the application of a thin coating of an ionic liquid (IL). In this work, we studied the influence of the 
IL 1-ethyl-3-methyl-imidazolium-trifluormethansulfonate ([C2C1Im][OTf]) on the dehydrogenation of dime
thylamine (DMA) on Pt(111) by surface science experiments under ultrahigh vacuum (UHV) conditions. We 
investigated the growth, thermal stability, and the dehydrogenation reaction of DMA on Pt(111) both in the 
presence and absence of [C2C1Im][OTf] by time-resolved and temperature-programmed infrared reflection ab
sorption spectroscopy (IRAS) and density functional theory (DFT). We found that pre-adsorbed DMA has a strong 
influence on the interaction of [C2C1Im][OTf] with the Pt surface. The competition for the same adsorption sites 
leads to changes in the binding motif and binding angles of the IL. In the presence of the IL, the reaction tem
perature of DMA is shifted to higher temperature due to the same competition and blocking effects. Thus, the IL 
leads to an enhanced stability of DMA on the surface and influences the product spectrum of the dehydrogenation 
reaction at higher temperature.   

1. Introduction 

In the solid catalysts with ionic liquid layer (SCILL) concept, a con
ventional heterogeneous supported catalyst is coated with a thin film of 
an ionic liquid (IL) [1–6]. The IL serves as a catalytic modifier and im
proves the selectivity of the catalyst [2,3,7]. ILs are low melting salts 
consisting of organic cations and anions. They are extremely versatile as 
a large number of ions can be combined, which allows us to tailor the 
physicochemical properties in a task-specific manner [8–12]. ILs are 
used in numerous applications, e.g. in catalysis [2,13,14], energy con
version [15–20], sensors [21], and actuators [22,23]. SCILL catalysts are 
already used at the industrial scale, in particular in case of hydrogena
tion reactions [5,24–26]. 

In SCILL systems, the active metal sites are selectively modified by 
the adsorption of IL ions [1,26–28]. To design such systems at a 
knowledge-driven basis, it is essential to understand this interaction at 
the microscopic level. Surface science experiments in ultrahigh vacuum 

(UHV) can provide very detailed information about the metal-IL in
teractions [4,7,29,30]. 

Due to the exceptionally low vapor pressure of ILs, stable IL films can 
be deposited onto atomically defined surfaces through physical vapor 
deposition (PVD) in UHV [4,30–33]. This enables surface science ex
periments which reveal detailed information on the IL/catalyst inter
action, for example on the wetting characteristics and on the orientation 
of IL ions at the interface [29,34–37]. A widely explored area for SCILL 
systems are hydrogenation reactions [5,6,38–41], where SCILLs enable 
improved selectivity. In contrast, dehydrogenation reactions with 
SCILLs have rarely been studied. 

In previous surface science studies, we have investigated the inter
action of 1-ethyl-3-methyl-imidazolium-trifluormethansulfonat 
([C2C1Im][OTf]) on various substrates, e.g. Pd(111) [3,42], Au(111) 
[43], and Al2O3 [44] by infrared reflection absorption spectroscopy 
(IRAS). On Pt(111), [C2C1Im][OTf] was also investigated under poten
tial control [45,46]. 
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In this work, we focus on the interaction of [C2C1Im][OTf] with 
Pt(111) and the effect of the IL on a dehydrogenation reaction. We chose 
the dehydrogenation of dimethylamine (DMA) as a test reaction. The 
surface chemistry of DMA on Pt(111) has already been studied in detail 
by Trenary and coworkers [47,48]. The dehydrogenation occurs in a 
temperature regime in which the IL wetting layer resides on the surface 
under UHV conditions. As a result, we expect to be able to identify clear 
effects of the co-adsorbed IL on the reaction mechanism and kinetics. 
Indeed, we found that DMA and IL compete for adsorption sites on 
Pt(111), forming mixed co-adsorbate layers. The co-adsorbed IL blocks 
some active platinum sites and, thus, stabilizes the DMA up to higher 
temperature. 

2. Methods 

2.1. Experimental setup 

The IRAS experiments were performed in a UHV IRAS system with a 
base pressure of 1 × 10− 10 mbar. The setup consists of various prepa
ration 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 [49]. 

2.2. Preparation of the Pt(111) single crystal 

The Pt(111) single crystal (MaTecK) was cleaned by several cycles of 
Ar+ sputtering (1.5 keV, 300 K, 30 min, 8 × 10− 5 mbar, Linde, purity 
99.9999 %). To this end, the sample was annealed at 1000 K for 10 min 
both in UHV and in O2 atmosphere (4 × 10− 7 mbar, Linde, purity 99.999 
%). A subsequent heating step to 1100 K in UHV was applied to remove 
residual O2. The cleanliness of the sample was checked by IRAS via 
adsorption of CO at 300 K (1 × 10-6 mbar, Westfalen 99.97 %). Traces of 
carbonyls were removed from the supplied CO via a homebuilt liquid 
nitrogen trap. After stepwise CO adsorption, the sample was cleaned 
again by a sputtering and annealing cycle. 

2.3. Deposition of dimethylamine 

Dimethylamine (abcr GmbH, 99 %) was dosed via a fine leak valve 
with a pressure of 1.33 × 10− 7 mbar resulting in a deposition rate of 0.1 
L/s. The fine leak valve was separated from the chamber via a gate valve 
with a separate high vacuum line. 

2.4. Deposition of [C2C1Im][OTf] 

IL was deposited via PVD by evaporation from a home-built Knudsen 
cell in form of a glass crucible loaded with [C2C1Im][OTf] until a thin 

Fig. 1. Model systems investigated: (a) top: molecular structures of the IL cation [C2C1Im]+ and the anion [OTf]− ; bottom: partial dehydrogenation reactions of 
dimethylamine to methylaminocarbyne (MAC) and methylisocyanide (MISO) with the extraction of 1.5 H2 and 0.5 H2 on Pt(111); (b) schematic sketch of the in situ 
IRAS setup. 
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film (thickness ~ 1 ML) was prepared (see Fig. 1). The evaporator was 
pumped through a separate high vacuum line and baked for 24 h at 
moderate temperatures to aid degassing of the IL prior the experiments. 
For deposition, the IL was preheated to 400 K. The film growth was 
monitored via time-resolved IRAS where one spectrum was measured 
every minute with a constant deposition rate. We used the following 
IRAS parameters: scanning time of 0.9 min/spectrum; background 
spectrum of 10 min; data measured from 4000 to 600 cm-1; MIR source; 
KBr beam splitter; LN-MCT narrow detector; 40 kHz scanner velocity. 

2.5. Temperature-programmed IRAS (TP-IRAS) 

IR spectra were acquired while heating the samples with a linear 
heating ramp from 120 to 700 K (1 spectrum/min, heating rate of 2 K/ 
min) in UHV. The spectra were referred to the background of the clean 
surface at 120 K. 

2.6. Density functional theory (DFT) calculations 

Periodic DFT modeling of the system was carried out with the VASP 
code, in which a plane wave basis set is used for the description of the 
valence electrons and combined with the projector augmented wave 
(PAW) method for the representation of the atomic cores [50–52]. The 
kinetic energy cutoff was chosen to be 600 eV for metal surface slab and 
adsorbate optimizations, exchange correlation effects were treated with 
the PBE functional [53]. The DFT-D3 correction with Becke–Johnson 
damping was used for the better description of dispersion interactions in 
the case of adsorbate optimizations [54,55]. The Pt(111) surface was 
modeled as a 4 × 4 surface slab with five atom layers deep, where the 
lowest two layers were held fixed at bulk configuration during geometry 
relaxations. A vacuum separation of 20 Å was added between the peri
odic images of the Pt surface in order to ensure enough space between 
them also in the case of added adsorbates. Brillouin zone sampling was 
done with a Γ-containing 4 × 4 × 1 k-point mesh [56]. A 
Methfessel-Paxton scheme with a broadening of 0.15 eV was applied to 
smear the electronic states. The geometry of the model surface was 
relaxed until all gradient components were below 0.01 eV/Å, the three 
adsorbate molecules (dimethylamine, methylaminocarbyne and meth
ylisocyanide) were placed at different positions on the surface and the 
whole system was reoptimized until all gradient components were below 
0.02 eV/Å. For the vacuum calculations, the molecules were optimized 
in an empty unit cell of the same size as for the adsorbate optimizations, 
and the resulting energy was added to the energy of the clean Pt(111) 
surface slab. All methylaminocarbyne calculations were done 
spin-polarized. Numerical frequencies were calculated for the optimized 
adsorbates, where only the atoms of the adsorbate molecules were 
activated for numerical displacement. The peaks in the eigenvalue 
spectrum obtained from the harmonic approximation were broadened 
with the program Molden; the halfwidths were 10 cm− 1. The metal 
surface selection rule is considered, since dipole corrections along the 
z-axis were applied in the VASP calculations. No energy or frequency 
shifts were applied to the calculated IR spectra. 

2.7. Synthesis of 1-ethyl-3-methylimidazolium trifluoromethanesulfonate 
[C2C1Im][OTf] 

N-methylimidazole and ethyl trifluoromethanesulfonate were pur
chased from Aldrich. N-methylimidazole was distilled prior usage. 1H 
NMR measurements were carried out using a Jeol ECX 400 MHz spec
trometer and d6-DMSO as solvent. For the synthesis of 1-ethyl-3-methyl
imidazolium triflate, 74.720 g (0.419 mol, 1.01 equiv.) of ethyl 
trifluoromethanesulfonate was dropwise added to 34.195 g (0.417 mol) 
of N-methylimidazole from Aldrich under argon atmosphere at 0 ◦C. 
After addition, the reaction mixture was allowed to warm up to room 
temperature and stirred overnight. The reaction was monitored by 1H 
NMR spectroscopy. The product was obtained in quantitative yield as a 

clear colorless liquid. The product was cleaned under vacuum (about 
10− 2 mbar) at 60 ◦C for 16 h. 

3. Results and discussion 

3.1. Dimethylamine (DMA) on Pt(111) at 120 K 

First, we investigate the deposition of the dimethylamine (DMA) 
(Fig. 2). We recorded the IRA spectra (bottom three) which were ac
quired at ~ 0.4 L (submonolayer coverage), at ~ 1 L (monolayer 
coverage), and at ~ 2 L (multilayer coverage). At submonolayer 
coverage, bands are observed at 3000–2750 cm− 1, 1475 cm− 1, 1186 
cm− 1, 990 cm− 1 and 899 cm− 1, which are assigned to the symmetric and 
asymmetric ν(CH) vibrations, δ(CH3), ν(C-N-C)s, δ(CH3) and δ(N-H) 
modes, respectively. With increasing coverage (~ 1 L), an additional 
band forms at 1140 cm− 1, assigned to δ(CH3). In the multilayer region 
(~ 2 L), a broad band 3277 cm− 1 is observed, which is assigned to the 
ν(NH) vibration. In IRA spectroscopy, both the reorientation of adsor
bates on the surface and specific adsorption motifs lead to changes in 
band intensities. Intensity changes are governed by the metal-surface 
selection rule (MSSR) [57], which states that only those modes which 
have a perpendicular component of the dynamic dipole moment are 
observed. The parallel component of the dynamic dipole moment is 
screened by the metal surface. Bands such as the ν(C-N-C)s and ν(CH) 
vibrations give rise to substantial signals even in the submonolayer 
coverage. The δ(N-H) band together with the absence of the ν(NH) vi
bration in the (sub-)monolayer suggests that the N-H bond is oriented 
parallel to the Pt(111) surface or that the H is strongly interacting with 
the surface. With increasing coverage, these specific signals become less 
dominant as compared to other signals indicating a more random 
orientation above ~ 1 L. A small amount of CO adsorption from the 
background is observable at a coverage of less than 0.02 ML. Since this 
fraction is very small, we assume that these traces will have no influence 
on the DMA/MAC adsorption and the reaction behavior. 

In the next step, we compare the IRAS data with the DFT calculations 
(top three spectra). In the DFT calculations, a single spectrum was 
computed for each adsorption motif (see the experimental section for 
more information). This allows us to verify whether non-dissociative 
adsorption is possible and provides insights on the orientation of DMA 
on Pt(111). The relative adsorption energies are provided together with 
the molecular structures in Fig. 2. In structure 1, the DMA is bound with 
the nitrogen atom in an atop position. This is the only structure which is 
predicted to show a ν(NH) mode. Since this feature is not present in the 
monolayer, we conclude that this adsorption motif is not relevant at low 
coverage. Adsorption structure 2 is predicted to be the least favorable 
motif with the nitrogen bound in a displaced atop position. Structure 3 is 
predicted to show the highest adsorption energy with DMA bound in a 
atop position. The calculated spectra for both structures 2 and 3 are 
consistent with the measured data. The last adsorption motif (structure 
4) is predicted to show an IR spectrum which does not agree well with 
the experimental data. Because of the energetic preference, we propose 
that structure 3 is the most common one on the surface. However, there 
are several additional bands observed in the experimental spectra, 
which suggests the coexistence of different adsorption motifs at low 
temperature. In summary, we conclude that DMA adsorbs non- 
dissociatively on Pt(111) at 120 K. The DMA binds via the nitrogen 
lone electron pair at an atop position to a Pt surface atom. The low 
mobility of DMA at 120 K may explain why adsorption motifs with lower 
adsorption energy are also observed in the IRAS data. 

3.2. Methylaminocarbyne (MAC) on Pt(111) at 300 K 

Next, we analyzed the adsorption of DMA on a clean Pt(111) surface 
at room temperature (Fig. 3). At this temperature, the IRA spectra are 
drastically different from those at 120 K. At low coverage (~ 0.4 L), 
bands are observed at 2918 cm− 1, 1466 cm− 1, 1402 cm− 1, 1290 cm− 1 
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and 1011 cm− 1. We assign these signals to the ν(CH3)s, ν(N-Cads), ν(C-N), 
δ(CH3) and δ(CH3) modes, respectively. With increasing coverage, all 
bands grow linearly, indicating no specific adsorption behavior. In the 

multilayer regime at ~ 2 L, an additional small and broad band can be 
observed at 3402 cm− 1, which is assigned to the ν(NH) mode. The 
appearance of the band at 1466 cm− 1 indicates the formation of a 

Fig. 2. Investigation of dimethylamine (DMA) on Pt(111); left plot: DFT spectra of DMA at different adsorption motifs (top) and IRA spectra of different DMA 
coverages at 120 K (bottom); right: different calculated adsorption motifs with their relative adsorption energies. 

Fig. 3. Investigation of methylaminocarbyne (MAC) on Pt(111); left plot: DFT spectra of MAC at different adsorption motifs (top) and IRA spectra of different MAC 
coverages at 300 K (bottom); right: different calculated adsorption motifs with their relative adsorption energies. 
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reaction product. Mudiyanselage et al. previously proposed dehydro
genation and the formation of methylaminocarbyne (MAC) [48]. The 
DFT spectra for MAC agree well with the measured ones (see Fig. 3). We 
conclude that the DMA undergoes partial dehydrogenation and forma
tion of MAC. Another indicator for the partial dehydrogenation is the 
shift of the ν(NH) vibration from 3277 cm− 1 (DMA) to 3402 cm− 1 

(MAC), since the nitrogen of the NH group is no longer in direct contact 
with the platinum surface and with other DMA molecules. 

We investigated the different adsorption motifs of MAC by DFT and 
compared the simulated IR spectra to the experimental ones (see Fig. 3). 
The least favorable structure is the adsorption in atop position and the 

simulated IR spectrum is also clearly different from experimental one. 
Adsorption in bridge and hollow positions are predicted to show very 
similar adsorption energy and the calculated IR spectra are all 
compatible with the experimental one. We suggest that MAC can adsorb 
in bridge and hollow positions on the Pt(111). 

3.3. Methylisocyanide (MISO) on Pt(111) at 400 K 

In the next step, we dosed DMA at elevated temperatures. At 400 K, 
bands are observed at 2935 cm− 1, 2197 cm− 1, 1502 cm− 1 and 1335 
cm− 1 at a coverage of ~ 0.4 L (see Fig. 4). We assign these bands to the 

Fig. 4. Investigation of methylisocyanide (MISO) on Pt(111); left plot: DFT spectra of MISO at different adsorption motifs (top) and IRA spectra of different MISO 
coverages at 400 K; right: different calculated adsorption motifs with their relative adsorption energies. 

Fig. 5. DFT of the [C2C1Im]+ cation (light blue) and the [OTf]− anion (deep blue) and multilayer IRA spectra (red) of [C2C1Im][OTf] on Pt(111) at 120 K. The most 
prominent bands are labelled and assigned according to DFT calculations (For interpretation of the references to color in this figure legend, the reader is referred to 
the web version of this article.). 

R. Eschenbacher et al.                                                                                                                                                                                                                         



Surface Science 743 (2024) 122453

6

ν(CH3)s, ν(C-N≡C)as, ν(C=N=C) and δ(CH3) modes, respectively. With 
increasing coverage, all bands increase linearly in intensity. This in
dicates layer growth without substantial reorientation. The band at 2197 
cm− 1 is characteristic for the ν(C-N≡C)as mode with a CN triple bond 
that can be used as an indicator for the formation of methylisocyanide 
(MISO), as previously described in the literature [48]. It has been sug
gested that the band at 1502 cm− 1 can be assigned to formimidine [48], 
an intermediate of the conversion of MAC to MISO. The DFT calculations 
for the adsorption of MISO on Pt(111) are shown in Fig. 4. It is predicted 
that adsorption of MISO in atop and bridge position occurs with similar 
adsorption energies. Moreover, the calculated positions of the IR bands 

are very close to each other. Therefore, it is not possible to distinguish 
between the adsorption motifs experimentally. 

3.4. IR spectrum of [C2C1Im][OTf] 

Next, we examined the IR spectra of [C2C1Im][OTf] deposited by 
PVD on Pt(111). In Fig. 5, we compare the multilayer spectra (~ 2 
monolayers (ML), where 1 ML is defined as a closed double layer of 
chemisorbed ion pairs) [58]. The band assignments in Table 1 are based 
on DFT data and previous IRAS studies on other metal supports [3,42,44, 
45,59]. Note that in IRAS measurements, only the components of the 
dynamic dipole moments of the vibrational modes perpendicular to the 
surface give rise to an absorption signal (MSSR rule) [57]. The IRA 
Spectra agree very well with the DFT spectra indicating the IL film is 
deposited on the surface without any indication for decomposition. 

3.5. Growth of [C2C1Im][OTf] on Pt(111) 

Now, we focus on the IL layers on clean Pt(111). In Fig. 6, we show IR 
data measured during the deposition of the IL molecules by PVD both at 
room temperature (300 K) and at 120 K. Since the spectrum of the 
multilayer was discussed above, we first focus on the monolayer region 
only. The growth behavior of the IL at room temperature has already 
been described in the literature for Au(111) [43], Pd(111) [3,42] and 
Al2O3 [44]. Based on these findings, we first consider the growth at 300 
K (Fig. 6b) and assign the bands accordingly. The bands marked in green 
are symmetric vibrations; the asymmetric ones are marked in light blue. 

Table 1 
DFT Peak positions and IL peak assignment based on [C2C1Im][OTf] multilayer 
spectrum on Pt(111).  

DFT peak position IRAS peak position Assignment [37,58,62,63] 

1245 cm− 1 1286 cm− 1 ν(SO2)as 

1135 cm− 1 1232 cm− 1 ν(CF3)s 

1057 cm− 1 1175 cm− 1 ν(CF3)as 

986 cm− 1 1037 cm− 1 ν(SO2)s 

3229 cm− 1 3157 cm− 1 ν(CH)s, Im 

3213 cm− 1 3117 cm− 1 ν(CH)s+as, Im 

3013 cm− 1 2986 cm− 1 ν(CH)s+as 

3010 cm− 1 2947 cm− 1 ν(CH)s 

2991 cm− 1 2925 cm− 1 ν(CH)s 

1550 cm− 1 1579 cm− 1 ν(C-N-C)s+as 

1438 + 1458 cm− 1 1471 + 1458 cm− 1 ν(C-N-C)as + δ(C-C) 
1145 cm− 1 1109 cm− 1 ν(C-N)s + δ(C-C)  

Fig. 6. Time resolved IRAS of the film growth of [C2C1Im][OTf] on Pt(111) at (a) 300 K and (b) 120 K. Zoomed in parts from 3500 cm− 1 to 2700 cm− 1 (blue) and 
1700 cm− 1 to 900 cm− 1 (red) for the investigation of (sub-)monolayer growth. The bands marked in green are symmetric vibrations; the asymmetric ones are marked 
in light blue (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.). 
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At low coverage, bands appear at 1230 cm− 1 and 1037 cm− 1. These 
bands are assigned to the ν(CF3)s and ν(SO2)s modes, respectively. Based 
on the MSSR rule, the observation of exclusively symmetrical bands 
indicates that the molecules adsorb at an upright position on the Pt(111) 
surface. This is consistent with previous studies on Au(111) [43]. With 
increasing coverage, bands form at 1564 cm− 1, 1452 cm− 1, and 1290 
cm− 1, assigned to ν(N-C-N)as, δ(C-C) and ν(SO2)as, respectively. At this 
point, asymmetric bands begin to grow, indicating less ordered growth. 
At higher coverage, another band can be observed at 1175 cm− 1, which 
is assigned to the ν(CF3)as mode. We note that the features from the 
cation are rather weak and it cannot be concluded from this data, 
whether the cation remains fully intact or undergoes some surface 
reaction. 

At a sample temperature of 120 K (Fig. 6a), the IL bands appear in 
similar positions. Differences are found in the additional vibrations at 
3162 cm− 1, 2986 cm− 1, 2947 cm− 1 and 2925 cm− 1, which are assigned 
to ν(CH) vibrations of the imidazolium ring and the C1 and C2 side 
chains. Due to the lower surface temperature, it is expected that less 
well-ordered structures are formed at 120 K. Because of the lower de
grees of ordering, the intensities of the asymmetric bands are higher and 
different ν(CH) modes are detectable. 

3.6. Growth of [C2C1Im][OTf] on DMA pre-covered Pt(111) 

In order to study the influence of the IL on the DMA layer, we pre- 
covered the Pt(111) surface by exposure to 2 L DMA (see Fig. 7). Sub
sequently, we deposited the IL layer. During the deposition, time- 

resolved IRA spectra were recorded (similar to the experiments 
described in Section 3.5). Note that DMA was deposited before deposi
tion the IL, because DMA did not adsorb on the IL-precovered surface 
(similar behavior was observed for other adsorbates such as CO where 
adsorption through a closed IL layer was not possible in UHV experi
ments [60]). From the spectroscopic point of view, pre-deposition of 
DMA is advantageous, since the IR bands from DMA are rather weak 
and, therefore, are easily masked by the IL. First, we evaluate the 
experiment at 120 K. Before deposition of the IL, we observe the bands of 
DMA at 2890 cm− 1, 2785 cm− 1, 1475 cm-1, and 899 cm− 1 (Fig. 7a, 
labelled in red). For the assignment, we refer to Section 3.1. At low 
coverage of [C2C1Im][OTf], IL bands appear at 3117 cm− 1, 2927 cm− 1, 
1577 cm− 1, 1524 cm− 1, 1471 cm− 1, 1280 cm− 1, 1232 cm− 1, 1175 cm-1 

and 1037 cm− 1. We assign the bands at 3117 cm− 1, 2927 cm− 1 and 1577 
cm− 1 to ν(CH)as from the imidazolium ring, ν(CH)s+as from the ethyl and 
methyl chain of [C2C1Im]+ and ν(N-C-N)as, respectively. The band at 
1524 cm− 1 is neither visible in the spectra of [C2C1Im][OTf] nor in the 
spectra of DMA deposited on Pt(111) without IL. We propose that an 
acid-base reaction occurs between the basic DMA and the slight acidic 
hydrogen at the C2 position the imidazolium ring. We tentatively 
attribute the band to a CN mode of the deprotonated imidazolium entity. 
For the vibration at 1471 cm− 1, the right shoulder can be assigned to the 
δ(C-C) vibration, and for the left shoulder we observe a δ(CH3) vibration 
of the DMA. The [OTf]− bands at 1280 cm− 1, 1232 cm-1, 1175 cm− 1 and 
1037 cm− 1 are assigned to ν(SO2)as, ν(CF3)s, ν(CF3)as and ν(SO2)s, 
respectively, according to the experiment described in Section 3.5. With 
increasing IL coverage, the DMA signals lose intensity. This could be due 

Fig. 7. Time resolved IRAS of the film growth of [C2C1Im][OTf] on a DMA pre-adsorbed (~ 2 L) Pt(111) at a) 120 K and b) 300 K. Zoomed in parts from 3500 cm− 1 

to 2700 cm− 1 (blue) and 1700 cm− 1 to 900 cm− 1 (red) to investigate the (sub-)monolayer growth. DMA/MAC bands are marked in red, symmetric [C2C1Im][OTf] 
bands are marked in green, the asymmetric ones are marked in light blue (For interpretation of the references to color in this figure legend, the reader is referred to 
the web version of this article.). 

R. Eschenbacher et al.                                                                                                                                                                                                                         



Surface Science 743 (2024) 122453

8

to two reasons: First, the DMA is displaced by the IL. From previous 
studies, we know that even strong adsorbents, i.e., CO, are partially 
displaced by co-adsorbed IL [60,61] and that competition of adsorption 
sites leads to a lower binding energy of the adsorbents. However, the IL 
is not able to completely suppress the DMA signal. Secondly, reor
ientation could change the intensity ratio of the signals (MSSR rule), i.e. 
DMA could rearrange to a less space consuming geometry in order to 
allow co-adsorption with the IL [60]. 

At 300 K, we initially observe signals from MAC at 3402 cm− 1, 2918 
cm− 1, 1488 cm− 1, 1402 cm− 1 and 1297 cm− 1 (see Section 3.2 for a 
detailed assignment). Upon deposition of the IL, bands appear at low 
coverage at 1421 cm− 1, 1232 cm− 1, 1175 cm− 1, and 1037 cm− 1, which 
are assigned to ν(N-C-N)as, ν(CF3)s, ν(CF3)as and ν(SO2)s modes, 
respectively. With increasing IL coverage, an additional signal grows at 
1280 cm− 1, which is assigned to the ν(SO2)as mode. This behavior is 
similar to the effect of the experiment at low temperature. The increase 
of the intensity of the asymmetric bands indicated a loss of alignment of 
the [OTf]− species at higher coverage. 

3.7. Influence of co-adsorbed DMA on the [C2C1Im][OTf] layer 

Next, we analyze the influence of the DMA and MAC on the [C2C1Im] 
[OTf] in more detail. To this aim, we plotted the spectra of [C2C1Im] 
[OTf] (black), [C2C1Im][OTf] on DMA or MAC (red) and DMA or MAC 
without IL (green) both for adsorption at 120 K (top) and 300 K (bottom) 
in Fig. 8. For comparison, the spectra of DMA and MAC on [C2C1Im] 
[OTf] (red) and [C2C1Im][OTf] (black) were scaled to the same height of 
the ν(SO2)s band. 

In Fig. 8a, we focus on the differences in the spectral region from 
1700 cm− 1 to 1300 cm− 1. At 120 K and with pre-adsorbed DMA, the 
ν(N-C-N)as signal is more pronounced. At 1524 cm− 1, a band is formed at 

in the DMA+[C2C1Im][OTf] measurement, which is not observed in 
either the DMA or the [C2C1Im][OTf] spectra. As discussed in Section 
3.6, we propose that this band results from an acid-base reaction be
tween the acidic proton at the C2 position of the imidazolium ring and 
the basic DMA. For the surface pre-covered by MAC this band is not 
observed. The difference is rationalized by the lack of basicity of MAC. 
At 120 K, the δ(C-C) band at 1471 cm-1 overlaps with δ(CH3) from DMA. 

Next, we consider the spectra measured at 300 K. Similarly, we 
observe a stronger ν(N-C-N)as signal in co-adsorption (red). The 
[C2C1Im]+ band δ(C-C) overlaps with the ν(N-Cads) band from the MAC. 
The ν(CN) band for MAC at 1402 cm− 1 is not visible for the co- 
adsorption. As MAC is influenced by the IL, it adopts in a different 
binding angle. We assume that MAC is no longer perpendicular. Since 
the CN band is aligned with the surface normal, the intensity is strongly 
influenced by angular changes (MSSR). Due to the influence of IL, the 
wavenumber also changes and we assume that the ν(CN) mode now 
overlaps with the IL band at 1420 cm− 1. Finally, we consider the [OTf]−

region from 1350 cm− 1 to 1000 cm− 1 (Fig. 8b). While the symmetric 
bands of ν(CF3)s and ν(SO2)s hardly show any intensity changes due to 
the pre-adsorbed DMA/MAC, the asymmetric ν(CF3)as and ν(SO2)as 
bands increase in intensity due to the pre-adsorbed species. We attribute 
this effect to a change in the adsorption geometry because of the pre
adsorbed DMA/MAC. As Pt(111) sites are preoccupied the IL monolayer 
is completed faster and multilayer-like growth starts earlier leading to a 
more random molecular orientation. Because of the MSSR rule, the in
tensities of asymmetric bands are then more pronounced. 

3.8. Thermal behavior and stability of [C2C1Im][OTf] on Pt(111) 

After studying the deposition, we now focus on the thermal behavior 
and reactivity of the deposited molecules. To this aim, we applied a 

Fig. 8. Comparison of the [C2C1Im][OTf] spectra (black) with the DMA + [C2C1Im][OTf] spectra (red; normalized to the height of the [C2C1Im][OTf] spectra at 
1037 cm− 1) and the DMA/MAC spectra (green) in the (a) CN-region of the [C2C1Im]+ cation and (b) [OTf]− anion region both at 120 K and 300 K (For interpretation 
of the references to color in this figure legend, the reader is referred to the web version of this article.). 

R. Eschenbacher et al.                                                                                                                                                                                                                         



Surface Science 743 (2024) 122453

9

linear heating ramp of 2 K/min from 120 to 700 K and measured IRAS 
spectra every minute (see Experimental Section for details). Three sets of 
spectra were measured, i.e. [C2C1Im][OTf] on Pt(111) (Fig. 9a), DMA on 
[C2C1Im][OTf]/Pt(111) SCILL (Fig. 9b), and DMA on Pt(111) (Fig. 9c). 

First, we consider the thermal behavior and stability of the IL on 
Pt(111) after deposition of ~ 2 ML of [C2C1Im][OTf] on Pt(111) 
(Fig. 9a). The asymmetric [OTf]− anion bands at 1286 cm− 1 (ν(SO2)as) 
and 1175 cm− 1 (ν(CF3)as) and the cation bands at 3142 cm− 1, 
1577 cm− 1, 1456 cm− 1 are visible until ~ 420 K. The symmetric [OTf]−

bands at 1232 cm− 1 (ν(CF3)s) and 1037 cm− 1 (ν(SO2)s) even until 
~ 500 K. This is consistent with the fact that anion derived species reside 
in the surface adopting an upright adsorption geometry. Above those 
temperatures, the intensity of the residual IL bands decreases indicating 
decomposition and desorption. Above ~ 500 K, no IL-derived bands can 
be observed. 

3.9. Thermal behavior and reactivity of DMA on Pt(111) 

Next, we investigated the behavior of DMA (~ 2 L) on clean Pt(111) 

by performing a TP-IRAS experiment with identical experimental pa
rameters as used for IL experiment in Section 3.8. The corresponding 
data is shown in Fig. 9c. Up to ~ 245 K, bands assigned to DMA are 
observed (red). The signals of the ν(CH) vibration were integrated to 
determine the stability of DMA on Pt(111) (see Fig. 9c, right plot). At 
higher temperature, the DMA signals vanish and new signals appear at 
2042 cm− 1, 1826 cm− 1, 1462 cm− 1, 1421 cm− 1, 1273 cm− 1 and 997 
cm− 1. The bands at 2042 cm− 1 and 1826 cm− 1 can be assigned to COtop 
and CObridge, respectively, while the other signals can be assigned to 
MAC (green). As described by Mudiyanselage et al. [48], the transition 
from DMA to MAC leads to formation of empty adsorption sites available 
for adsorption of residual CO. In addition a small amount of CO is 
observed on bridging sites [48]. Above ~ 300 K, additional bands at 
2208 cm− 1 and 1336 cm− 1 are observed (blue). Both bands can be 
assigned to MISO. Above 350 K, the MAC signals disappear and 
decomposition signals form. The MISO signals are present on the surface 
up to ~ 430 K. 

Fig. 9. Thermal stability and reactivity measured by temperature-programmed IRAS spectra (TP-IRAS) from 120 to 700 K; (a) [C2C1Im][OTf] on Pt(111) with 
sketches of the molecules and their color code for the band assignment; (b) DMA + [C2C1Im][OTf] on Pt(111) with an integration plot of the ν(CH) vibrations; (c) 
DMA on Pt(111) with an integration plot of the ν(CH) vibrations. 
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3.10. Thermal behavior, stability, and reactivity of DMA on a [C2C1Im] 
[OTf]/Pt(111) SCILL 

Finally, we studied the dehydrogenation reaction of DMA on 
[C2C1Im][OTf] precovered Pt(111) (see Fig. 9b). We pre-adsorbed DMA 
on the Pt(111) sample and, subsequently, covered the film by exposure 
to ~ 2 ML of [C2C1Im][OTf]. Subsequently the same temperature pro
grammed IR experiment was performed as described in Sections 3.8 and 
3.9. 

At up to 280 K, we observe bands at 3120 cm− 1, 1574 cm− 1, 
1461 cm− 1, 1286 cm− 1, 1232 cm− 1, 1175 cm− 1, 1037 cm− 1 and 
852 cm− 1, which we attribute to [C2C1Im][OTf] (black). Additional 
bands at 2946 cm− 1, 2891 cm− 1, 2885 cm− 1, 1520 cm− 1, 1461 cm− 1 and 
890 cm− 1 are attributed to the DMA (red). Because of the overlap of 
many DMA and IL bands, we again use the integrated area in the ν(CH) 
to follow the reaction and desorption of DMA (Fig. 9b, right plot). 
First, we notice an abrupt change of the intensity of the ν(CH) bands at 
~ 130 K, which we assign to a reorientation of the DMA layer. The 
decrease of intensity of all DMA bands from ~ 180 K indicates the onset 
of the dehydrogenation or partial desorption of DMA. Here we already 
observe the formation of a weak band at 991 cm− 1, which indicated the 
formation of MAC. At higher temperature, other signals related to the 
formation of MAC (like 1467 cm− 1 or 1421 cm− 1) become visible as 
well. Above ~ 280 K, all DMA related bands have disappeared 
completely. We notice that there is significant temperature difference in 
comparison to DMA dehydrogenation on pristine Pt(111), where DMA is 
present up to ~ 250 K only. We conclude the onset of DMA dehydro
genation is shifted by approximately 30 K in the presence of the IL. The 
effect could be explained as follows: First, the IL could stabilize the DMA 
on the surface. The stabilization effect could possibly result from the 
above discussed acid-base reaction with the DMA. Secondly, the IL is 
expected to block the addition sites required for the dehydrogenation 
reaction. Note that the dehydrogenation requires additional space for 
adsorption of the hydrogen and the rearrangement of the molecule, 
which adsorbs via a carbon atom after dehydrogenation. Both effects 
require additional space on the surface. 

Above ~ 280 K, bands are observed at 1467 cm− 1, 1421 cm− 1 and 
991 cm− 1, which can be attributed to MAC. The MAC band at 1273 cm− 1 

is not visible as it directly overlaps with the ν(SO2)as and ν(CF3)s signals. 
The CO signals observed on pristine Pt(111) during MAC formation are 
not observed on the SCILL catalyst. Since CO would adsorb only on free 
Pt(111) sites, the IL most likely blocks these sites. Above ~ 380 K, all 
derived MAC disappear. At even higher temperatures, the IL desorbs or 
decomposes, similar as in the absence of the reactants. 

4. Conclusions 

In this work, we investigated the dehydrogenation reaction of DMA 
on a Pt-based model SCILL using DFT calculations and IRAS measure
ments. In particular, we investigated the deposition of [C2C1Im][OTf] 
and DMA, the mutual interaction of the co-adsorbates, and the dehy
drogenation reaction of DMA on a pristine Pt(111) and in the presence of 
[C2C1Im][OTf]. The main conclusions are summarized as follows:  

(1) DMA growth on Pt(111): At 120 K, DMA adsorbs molecularly via a 
lone electron pair of the nitrogen atom. The DMA adsorbs at an 
atop position in a tilted adsorption motif. At room temperature, 
the DMA partially dehydrogenates to MAC, which binds to Pt 
(111) via its carbon atom in bridge and hollow positions. At 400 
K, further dehydrogenation to MISO takes place with the char
acteristic ν(C-N≡C)as band appearing in the IR spectrum at 2197 
cm-1.  

(2) Influence of DMA on [C2C1Im][OTf] films: Pre-adsorbed DMA 
competes with [C2C1Im][OTf] for the adsorption sites on the 
surface. In the presence of DMA/MAC, the IL adsorbs in a 

different geometry showing less alignment and a more random 
orientation of the [OTf]− anion.  

(3) Stability of DMA on Pt(111) and [C2C1Im][OTf]/Pt(111) SCILL: 
The stability of DMA on pristine Pt(111) is lower than in the 
presence of the co-adsorbed IL film. This effect could be due 
either to stabilization of the DMA by co-adsorbed IL (e.g., due to 
proton transfer from the imidazolium to the DMA) or due to 
blocking of the reaction sites for dehydrogenation by the IL. In 
addition, the IL suppresses the co-adsorption of CO on the surface 
after partial dehydrogenation of DMA to MAC. Further dehy
drogenation to MISO was not observed in the presence of the IL. 
These results suggest that the IL has a pronounced effect on the 
individual reaction steps of the dehydrogenation reaction, which 
in the case of competing reactions would give rise to changes of 
selectivity. 
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