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Interaction of Ester-Functionalized lonic Liquids with
Atomically-Defined Cobalt Oxides Surfaces: Adsorption,
Reaction and Thermal Stability

Tao Xu,® Tobias Waehler,® Julia Vecchietti, Adrian Bonivardi,® Tanja Bauer,”
Johannes Schwegler,"” Peter S. Schulz,” Peter Wasserscheid,”” and Joerg Libuda*®

Hybrid materials consisting of ionic liquid (ILs) films on sup-
ported oxides hold a great potential for applications in elec-
tronic and energy materials. In this work, we have performed
surface science model studies scrutinizing the interaction of
ester-functionalized ILs with atomically defined Co;0,(111) and
CoO(100) surfaces. Both supports are prepared under ultra-
high vacuum (UHV) conditions in form of thin films on Ir(100)
single crystals. Subsequently, thin films of three ILs, 3-butyl-1-
methyl imidazolium bis(trifluoromethyl-sulfonyl) imide ([BMIM]
[NTf,]), 3-(4-methoxyl-4-oxobutyl)-1-methylimidazolium bis(tri-
fluoromethyl-sulfonyl) imide (IMBMIM][NTf,]), and 3-(4-isopro-
poxy-4-oxobutyl)-1-methylimidazolium  bis(trifluoromethyl-sul-
fonyl) imide ([IPBMIM][NTf,]), were deposited on these surfaces
by physical vapor deposition (PVD). Time-resolved and temper-
ature-programmed infrared reflection absorption spectroscopy
(TR-IRAS, TP-IRAS) were applied to monitor in situ the adsorp-
tion, film growth, and thermally induced desorption. By TP-
IRAS, we determined the multilayer desorption temperature of

1. Introduction

lonic liquids (ILs) are, by definition, salts which are liquid at
temperatures below 100°C."" An interesting feature of this
class of compounds is their low vapor pressure, which enables
the preparation of stable liquid coatings in presence of
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[BMIM][NTf,] (360+5 K), [MBMIM][NTf,] (380 K) and [IPBMIM]
[NTf,] (380 K). Upon deposition below the multilayer desorp-
tion temperature, all three ILs physisorb on both cobalt oxide
surfaces. However, strong orientation effects are observed in
the first monolayer, where the [NTf,]” ion interacts with the
surface through the SO, groups and the CF; groups point to-
wards the vacuum. For the two functionalized ILs, the
[MBMIM] ™ and [IPBMIM] " interact with the surface Co”" ions
of both surfaces via the CO group of their ester function. A
very different behavior is found, if the ILs are deposited above
the multilayer desorption temperature (400 K). While for
[BMIM][NTf,] and [MBMIM][NTf,] a molecularly adsorbed mono-
layer film is formed, [IPBMIM][NTf,] undergoes a chemical
transformation on the CoO(100) surface. Here, the ester group
is cleaved and the cation is chemically linked to the surface by
formation of a surface carboxylate. The IL-derived species in
the monolayer desorb at temperatures around 500 to 550 K.

vacuum. This extraordinary property along with the tuneability
of other physiochemical parameters like solubility, solvation,
viscosity, density or thermal stability led to various applications
of ILs in catalysis,”” energy technology,” or molecular electron-
ics, just to name a few.”! In many of these applications, per-
formance relies on the transport of electrons, protons or chem-
ical species across the IL/solid interface and, consequently, the
nature of this interface plays a crucial role for the overall per-
formance of the corresponding devices.*® However, our funda-
mental understanding of such interfaces is still quite limited
and our capabilities to engineer such interfaces are in their in-
fancy. At the microscopic level, major challenges arise from the
nature of ILs being “non-classical” electrolytes and the intrinsic
chemical complexity of liquid/solid interfaces where specific in-
teractions and, in some cases, even specific interface reaction
may occur.”>® Thus, a better understanding of chemical inter-
actions and reactivity at the IL/solid interface are urgently re-
quired to tailor interface functionality for specific applications.

A particularly challenging case is that of IL/oxide interfaces
which play an important role in catalysis,” solar cells,” and or-
ganic electronics.® A growing number of researches on the IL/
oxide or IL/metal interface has been reported.” In most of
these cases, the ILs are physisorbed on the oxide surface via
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van-der-Waals or electrostatic interactions while some layering
effect of ILs are commonly seen at the interface. On another
hand, reports on the chemical interaction of IL with the oxide
surface via specific functional groups are scarce. The most
well-established method is functionalization via silanol chemis-
try."” One drawback of this method is, however, that silicon
oxide groups are introduced into the interface, which is less
desired if the electronic properties of the interface are critical.
In our previous studies, we showed that these different inter-
actions are indeed observed, depending on the nature of the
oxide surface, the IL and the experimental conditions. For in-
stance, we showed that [BMIM][NTf,] adsorbs molecularly on
alumina films, but with a characteristic orientation adopted by
the anion.™ In sharp contrast, interfacial reactions were ob-
served for [HMIM][NTf,] (3-hexyl-1-methyl imidazolium bis(tri-
fluoromethyl-sulfonyl) imide) on ceria, depending on the stoi-
chiometry of the surface. On oxygen terminated CeO(111), we
observed a chemical transformation of the cation, initiated by
deprotonation and subsequent transalkylation."? Such reac-
tions may be used to functionalize oxide surfaces to form
stable and well-defined IL/oxide interfaces. Towards this aim,
however, general methods that are applicable to a broad
range of ILs and oxides would be most desirable.

An alternative approach to functionalize oxide surfaces
makes use of specific anchor groups, such as carboxylic
acids,"® phosphonic acids™ or others." The introduction of
anchor groups is a well-proven method to link organic films to
oxides, however, the concept has not been applied to ILs yet.
One concern is, for instance, that the anchor groups could
affect the thermal and electrochemical stability of the ILI'®
Fundamental investigations on well-defined oxide surfaces are
therefore needed to explore scope and limitations of this con-
cept to tune IL-oxide interactions via functionalization of the
IL.

In this study, we investigate the interaction of ester-function-
alized ILs on atomically defined cobalt oxide surfaces. The
ester group was chosen instead of a free carboxylic acid as it
leads to a higher volatility of the respective functionalized IL, a
fact that eases the preparation of thin IL films by physical
vapor deposition (PVD). This allows us to coat the oxide sur-
face with an ultraclean IL film in a well-controlled fashion.!”:¢”
We performed all experiments under ultrahigh vacuum (UHV)
conditions, taking advantage of the extremely low vapor pres-
sure of ILs.” By using well-defined surfaces and UHV condi-
tions, we identify the molecular interactions at the IL/oxide in-
terface and the chemical transformation upon anchoring of
the functionalized ILs. Co;0,(111) and CoO(100) model surfaces
were chosen because of the wide range of very interesting
properties of cobalt oxides in catalysis,"® electro-catalysis,"
and as magnetic materials.” In previous studies we investigat-
ed the functionalization of these surfaces by carboxylic
acids.”?"

In this work, we applied IRAS to follow the adsorption of
[BMIM][NTf,], [IMBMIMI[NTf,] and [IPBMIM][NTf,] (Scheme 1) on
two atomically-defined cobalt oxide surfaces, Co;0,(111) and
Co0(100) (Scheme 2). Surface science studies of such function-
alized ILs on reactive oxides are still extremely scarce.'? The
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Scheme 1. Molecular structure of the ILs and abbreviations used in this
work.

Co,0,(111)

Co0(100)

e Co” e Co” o O*

Scheme 2. Structure model of the Co;0,(111) and CoO(100) surfaces. The
C030,(111) surface is terminated by Co®" ion with the O*" and Co*" lying in
the second and third layer. The Co?*-Co** distance is 5.7 A. The CoO(100)
surface is terminated both by Co** and 0%~ with a Co>"-Co® " distance of
about 3.0 A (see the review® by Heinz and Hammer etc. for details).

cobalt oxide films provide an ideal test system to explore the
interaction mechanisms of ILs with atomically defined oxide
surfaces of known structure. First results from this research
were previously published in a form of a short communica-
tion.”? Here, we present a more comprehensive description of
the results.

Experimental Section
IRAS under Isothermal Conditions

All sample preparation and IRAS measurements were performed in
an UHV chamber (base pressure 2.0x10 ' mbar). The details
about the set-up have been described elsewhere.”™ The IR spectra
were acquired with a Fourier-transform infrared (FTIR) spectrome-
ter (Bruker Vertex 80v) connected to the measuring chamber via
differentially pumped KBr windows. All IR spectra were recorded
with a resolution of 2 cm™'". Prior to the deposition, a reference
spectrum was recorded on the clean surface, typically with an ac-
quisition time of 5 min. For the isothermal adsorption measure-
ments, the sample was kept at a stable temperature by balancing
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cooling with liquid nitrogen and heating with radiation and/or
electron bombardment from backside. During deposition of the
ILs, the IR spectra were acquired continuously with an acquisition
time of 60 s per spectrum.

Temperature-programmed IRAS

For the TP-IRAS measurements the sample was heated with a con-
stant rate of 2Kmin~' using a temperature controller. Simulta-
neously, IR spectra were recorded continuously with an acquisition
time of 60 seconds per spectrum.

Preparation of Co;0,(111)/Ir(100)

Co304(111) thin films were prepared by reactive deposition of Co
in O, atmosphere, following a procedure developed by Heinz,
Hammer and co-workers.*” The procedure was slightly modified
regarding the O, partial pressure and annealing temperatures.
First, the Ir(100) single crystal (MaTeck) was cleaned by cycles of
Ar* sputtering (1.8 keV, 300 K, 1 hour; Ar, Linde, 6.0) and annealing
(1100°C, 3 min) until a clear 5% 1 LEED pattern (room temperature)
of the Ir(100)-(5x 1) reconstructed surface appeared. Secondly, the
Ir(100)-(5% 1) surface was heated to 1000°C in 8x 107 mbar O,
(Linde, 5.0) for 3 min and, subsequently, cooled down to room
temperature in O, atmosphere. This led to the formation of an
Ir(100)-(2%x 1)O reconstructed surface showing a clear 2x1 LEED
pattern. After a flashing to 300°C, Co was evaporated onto the
cooled surface (at sample temperatures below 0°C) using a com-
mercial electron beam evaporator (Focus EFM3, 2 mm Co rod, Alfa
Aesar 99,995%, or Goodfellow 99.99%) in 5.0x 10~ mbar O, for
30 min. At the Co deposition rate used in this work, this yields a
Co,0, film with a thickness of approximately 6 nm. After the
growth, the film was annealed in O, (1.0x 10~® mbar) to 250°C for
2 min and then in UHV to 480°C for 5 min. The film was checked
qualitatively by comparing the LEED |-V curves with literature.?¥

Preparation of CoO(100)/Ir(100)

The CoO film was prepared using a procedure developed by Heinz,
Hammer and co-workers.”! A metastable Ir(100)-(1x 1) reconstruct-
ed surface was prepared in the first step, starting from the clean
Ir(100)-(5x 1) surface and preparing the Ir(100)-(2% 1)O surface (see
procedure above). Subsequently, the sample was heated to 275°C
in 1x1077 mbar H, (Linde, 5.3) for 1 min and, thereafter, in UHV to
275°C for 1 min before cooling down to room temperature again.
This procedure yielded the Ir(100)-(1x 1) surface as identified by
LEED. Subsequently, metallic Co was deposited onto the surface
(50°C) at a rate of 1.5 MLEmin™" (1 MLE=1.36x10'"° atomscm )
for 5 min. After growth of the Co buffer layer, the sample was
cooled to temperatures below —50°C. Then Co was deposited at a
rate of 1.5 MLEmin~" in 6x 107 mbar O, for 3 min. Subsequently,
the film was annealed to 100°C for 1 min yielding an ordered
Co0O(100) structure. For the preparation of thicker and better or-
dered CoO(100) films, a second reactive deposition step with Co
atoms in O, (rate: 1.5 MLEmin~', deposition time: 30 min) was per-
formed while keeping the sample at low temperature (< —50°C).
Subsequently, the CoO(100) film was annealed to 800 °C for 5 min
in UHV. After this treatment, the as-prepared CoO(100) thin film
showed a sharp 1x1 pattern in LEED.
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PVD of ILs

All ILs were deposited from ceramic crucibles using home-build re-
sistively heated evaporators."" The evaporators were separated
from the measuring chamber by a gate valve and before deposi-
tion pumped by a separate high vacuum system. Prior to each
deposition, the ILs were heated (110°C for [MBMIM][NTf,], 120°C
for [IPBMIM][NTf,] and 100 °C for [BMIM][NTf,]) before opening the
gate valve to the measuring chamber to prevent contamination.

Synthesis of ILs

All ILs were specially synthesized in very high purity for the pur-
pose of this study. All details on the synthesis and characterization
are provided in the Supporting Information.

2. Results and Discussion

Three different ILs were used in the present study, [MBMIM]
[NTf,], [IPBMIM][NTf,] and [BMIM][NTf,]. The structure of the
anions and cations are shown in Scheme 1. All three ILs have
the same anion, namely [NTf,]”, and differ in the side-chain
functionalization of their imidazolium ions. Whereas [MBMIM]*
contains a methyl ester group in the side chain, the [IPBMIM]
[NTf,] carries a isopropyl ester side chain.

The ordered Co;0,(111) and CoO(100) thin films were pre-
pared on an Ir(100) single crystal.”® The atomic structure of
both cobalt oxide surfaces was previously established by STM
and LEED |-V analysis.” The corresponding structures are
shown in Scheme 2. Briefly, the Co;0,(111) surface is terminat-
ed by Co’" ions in a hexagonal arrangement with a Co?'-
Co’" distance of 5.7 A. The CoO(100) surface is terminated
both by Co** and O* ions in a quadratic unit cell. The
Co?"-Co?" distance in this structure is 3.0 A.

In the IL deposition studies, two types of experiments were
performed. First, the coverage dependent adsorption behavior
was investigated by time-resolved measurements in which IR
spectra were recorded during deposition of the IL under iso-
thermal conditions. These experiments provide information on
the adsorption process, the interaction mechanism and the ad-
sorption energy. Secondly, temperature-programmed measure-
ments were performed, which provide information on the
thermal stability of adsorbed states and the desorption
temperature.

Previously, we have analyzed the IR spectrum of [BMIM]
[NTf,] in detail based on the results of density functional calcu-
lations."” Following this work, we have summarized the peak
positions and the peak assignments in Table 1. Briefly, the
bands at 1062, 1110, 1216 and 1360 cm ' are assigned to the
symmetric CF stretching mode, v(CF),,,,, the symmetric SO,
stretching mode, v(SO,),., the antisymmetric CF stretching
mode, Vv(CF,),,, and the antisymmetric SO stretching mode,
V(SO,) asyms respectively."” Another region is the one above
1400 cm ™. Here, several bands of the cations appear. For the
non-functionalized [BMIM][NTf,] these bands are comparable
weak. The most prominent feature is the one at 1575 cm™’
which originates from the a CN/CC stretching mode in the aro-
matic ring, v(C(=N/C=0),,q. Naturally, this band is polarized par-
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osition onto Co;0,(111) at 200 K.

IL/C030,(111)
Sub-monolayer

Peak position [cm™']

Table 1. Band positions and assignments for the three ILs used in this work after dep-

[BMIM][NTF,] 1062, 1216, 1360
1110
1465
[MBMIM][NTf,] 1062, 1216, 1360
1110
1465
1685
[IPBMIM]INTf,] 1062, 1216, 1360
1110
1465
1680

Assignment
Multilayer
1062, 1216, 1360 V(CFs)gym, VICF3)gyms V(SO5)ssym
1140 V(SO,)ym
1465 (CHy)cissor
1575 V(CG=N,C=C0);ig
1062, 1216, 1360 V(CFs)gym VICF3)agyms V(SO3)ssym
1140 V(SO3)ym
1465 (CHy)cissor
1685 V(C=0)surr
1575, 1735 V(C=N,C=0);ingr VIC=0)egter
1062, 1216, 1360 V(CFs)gym, VCF3)agms V(SO,)sym
1140 V(SO,)ym
1465 (CHZ)scissor
1680 V(C=0)surr
1575, 1728 V(CEN,C=C0);ings VICE0)ester

allel to the imidazolium ring. A second broad feature centered
at 1465 cm™' is mostly due to the CH, deformation mode from
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ILs [MBMIM][NTf,] and [IPBMIM][NTf,] strong addi-
tional bands appear from the ester group at around
1700 cm™.

2.1. Adsorption of [BMIM][NTf,], [MBMIM][NTf,],
and [IPBMIM][NTf,] on Co;0,(111) at 200 K

In the first step, isothermal adsorption experiment
were performed for [MBMIM]INTf,], [IPBMIM][NTf,]
and [BMIM][NTf,] on Co;0,(111) at 200 K. Each IL was
deposited at a rate of approximately 0.05 ML per
minute for a total deposition time of at least
60 mins. Here, we define the monolayer as the film
thickness up to which the cations and anions inter-
act with the surface. This interaction is monitored by
the cation band at 1680 cm™' and the anion bands
at 1140 and 1216 cm™" as will be described below.
Above the monolayer, the IL adsorbs in the multilay-

er where there is no direct contact with the oxide. The corre-
sponding IR spectra recorded during deposition are shown in

the alkyl side chain of the cation. For the two functionalized  Figure 1.
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Figure 1. a—c) Schematic representation of surface contacting ILs on Co;0,(111). d) Time resolved IRAS of [BMIM], [MBMIM] and [IPBMIM][NTf,] adsorbing on
Co;0,(111) at 200 K. e) Integrated peak area of selected peaks plotted as a function of deposition time in the case of [IPBMIM][NTf,] on Co;0,(111) at 200 K.
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At a substrate temperature of 200 K, adsorbed IL layers do
not evaporate and, therefore, multilayers of all ILs can be accu-
mulated. The corresponding spectra are displayed in Figure 1d.
For all three ILs, the most intense bands in the mid IR region
can be grouped in two spectral regions. In the region from
1000 to 1400 cm™', several intense intensive peaks are ob-
served, which mostly arise from the [NTf,]” ion. The second im-
portant region is the one above 1400 cm™'. Here, several
bands of the cations appear. We first focus on the initial stages
of deposition, where the IL is in direct contact with the cobalt
oxide surface. In this region, we expect spectral changes for
the characteristic modes of those molecular parts which direct-
ly interact with the surface. In addition, changes of the relative
intensity of specific modes may occur which indicate preferen-
tial orientation of the ions. These intensity changes arise from
the metal surface selection rule (MSSR), which states that only
the perpendicular part of the dynamic dipole moment contrib-
utes to absorption in IRAS.?” Note that the MSSR also holds
for thin oxide films on metallic substrates, such as in the pres-
ent system.

Inspecting the spectra for [BMIM][NTf,] in the monolayer
region, we observe all characteristic bands which are also ob-
served in the multilayer (see Figure 1d, top). In addition to the
anion bands at 1062, 1110, 1216 and 1360 cm™', we observe
weak peaks at 1450 and 1570 cm™' which indicate the pres-
ence of the cation. We conclude that [BMIM][NTf,] adsorbs mo-
lecularly on Co;0,(111), similarly as was observed on other
oxide surfaces before."" However, characteristic changes of the
relative band intensities are observed between the monolayer
and the multilayer region. Specifically, we find that the relative
intensity of the v(SO,),,, band at 1140 cm™' and the V(CF;),qm
at 1216 cm™' increases with decreasing coverage. In addition,
the v(SO,),ym at 1360 cm™' changes its shape with decreasing
coverages and transforms into a doublet at 1350 and
1330 cm™'. Both effects have been observed previously for
[BMIM][NTf,] on Al,O; The spectral changes are characteristic
for a [NTf,]” ion which adopts a cis-conformation and interacts
with the surface via the SO, groups."" We conclude that the
adsorption behavior of [NTf,]” on Co;0,(111) is very similar in
the sub-monolayer region. The proposed adsorption geometry
is schematically depicted in Figure 1a-c. Noteworthy, the rela-
tive changes in intensity are less pronounced for the function-
alized ILs [MBMIMI][NTf,] and [IPBMIM][NTf,] indicating that the
orientation of the anion is less defined. A possible explanation
for this effect is an enhanced interaction of the cation with the
surface, which might interfere with the adsorption of the anion
and leads to a less well-defined adsorption geometry.

Indeed, the spectra of the functionalized cations show clear
indication for specific interactions between the functional
group at the cation and the Co;0, surface. The corresponding
spectra for [MBMIM][NTf,] and [IPBMIM][NTf,] are displayed in
Figure 1d (middle and lower panel). Strong bands appear for
the functionalized ILs around 1700 cm™', which arise from the
v(C=0) mode from the ester group in the cation. Interestingly,
the spectral appearance of these bands changes drastically as
a function of coverage. For the [MBMIM][NTf,], a broad band
appears at low coverage at 1685 cm™', whereas in the multilay-
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er region this band saturates and an additional sharp band
grows a 1735 cm™". For [IPBMIM][NTf,] a very similar behavior
is found (broad monolayer feature at 1680, sharp multilayer
band at and 1728 cm™"). The development of the peak intensi-
ties of the bands at 1680 and 1730 cm™" as well as the v(C=N/
C=C)ing mode at 1575 cm™ ' is presented in Figure 1e as a func-
tion of deposition time. We clearly observe that the band at
1680 cm™' saturates after approximately 40 minutes while the
other bands start to increase at this point in time.

Based on the above observation we attribute the band at
1680 cm ™' to the v(C=0) mode of an ester group which is in-
teracting with the Co;0,(111) surface, presumable with the sur-
face Co?" ions. However, the red-shift is moderate and, clearly,
the C=0 bond remains intact upon interaction with the ester
group. In the multilayer, no specific surface interaction is possi-
ble and we observe the regular v(C=0) band of the free ester
group at 1730 cm™'. The absence of V(CG=N/C=0),ing peak at
1575 cm™" in the sub-monolayer region suggests that the imi-
dazolium ring of the cation is lying flat on the surface, at least
at low coverage. Similar adsorption structures have been sug-
gested previously for other imidazolium-based ILs on metals.”®
The authors suggested that in the monolayer region anion and
cation co-adsorb on the surface, forming a checkerboard-like
pattern.

In the multilayer region, the intensity ratios observed in the
IR spectra rapidly approached the bulk ratio. We conclude that
preferential orientation is lost within the first IL monolayers.
The corresponding interaction mechanisms and orientation of
the cation in the sub-monolayer region are schematically rep-
resented in Figure 1a-c.

2.2. Desorption of [BMIM][NTf,], [MBMIM][NTf,], and
[IPBMIM][NTf,] from Co;0,(111)

In the next set of experiments, we investigated the thermal be-
havior of the multilayer IL films onto Co;0,(111) in the temper-
ature range from 200 to 573 K. To this aim, we performed tem-
perature-programmed IR spectroscopy, that is, the sample was
heated at a rate of 2 Kmin™' while IR spectra were recorded
continuously. As a IR background, we used the clean
Co;0,(111) surface. The recorded TP-IRAS data for [BMIM][NTTf,],
[MBMIM]INTf,], and [IPBMIM][NTf,] on Co;0,(111) are displayed
in form of contour plots in Figure 2.

In the IR data of [BMIM][NTf,] in Figure 2a, we can identify
three temperature regions. In the first region from 200K to
360 K, no major changes can be observed in the IR spectra. All
bands correspond to those discussed above for the [BMIM]
[NTf,] multilayer (see Section 3.1). At around 360 K, the multi-
layer IRAS peaks disappear and only some indications for very
weak bands can be observed thereafter. The temperature of
360 K is very close to the multilayer desorption temperature
for [BMIM][NTf,] observed in previous studies.""*' Therefore,
we attribute the spectral changes at 360 K to desorption of
the [BMIM]INTf,] multilayer. The second region is from 360 to
460 K, where only some weak peaks are visible. The most
prominent feature is the one at 1140 cm™' which we assign to
the v(SO,),,,, mode of the [NTf,]". The presence of the signals
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Figure 2. TP IRAS of a) [BMIM][NTf,], b) [MBMIM][NTf,], and c) [IPBMIM][NTf,] thin films on Co;0,(111) surface. The IRAS peak intensity is represented in color
as indicated by the color bars. The same color in the map indicates the same IRAS absorption intensity (AR/R). For clarity, the spectral region between 2100

and 2300 cm ™' is colored with different color scale.

indicates that strongly bound species reside on the surface
after multilayer desorption. Noteworthy, the v(SO,),, band is
also the dominating feature in the adsorption experiments at
low coverage (see Section 3.1). The high intensity is the result
of the well-defined molecular orientation which the [NTf,]™
adopts in the first monolayer. In the TP-IRAS experiments the
band gradually red-shifts from 1140 cm™' to 1110 cm™". This
behavior is the exact reverse of what is observed in the ad-
sorption process. Such coverage dependent blue-shifts are
often observed in IRAS and typically arise from dipole-dipole
interactions.””? Unfortunately, most other bands of the IL, in
particular those of the cation, cannot be identified in the TR-
IRAS spectra because of their low intensity. Therefore, we
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cannot provide clear evidence that the IL remains intact over
the full range of temperature of region 2 (360 to 460 K). The
slow decrease in intensity around 460 K may suggest, however,
that the IL at least partially decomposes in this temperature
range. At temperatures above 460 K (region 3), no bands at all
can be observed in the IRAS spectra. A relatively weak band at
around 2200 cm™' can be identified which remains present up
to high annealing temperatures on Co;04(111). A decrease in
intensity of this band could be observed when monolayer IL
decomposes at 460 K. However, it quickly regains its original
intensity when surface temperature is above 500 K. We tenta-
tively assign this band to the CN bond in an isocyanide spe-
cies. Most likely a small portion of the IL decomposes at low
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temperature on defect sites to form isocyanide that adsorb
strongly on the surface. Upon decomposition of the surface
contacted IL, this band decreases in intensity, possibly due to
orientation effects induced by IL decomposition. Thermal de-
composition above 500 K leads to a further increase of the sur-
face bound isocyanide fragments as indicated by the increase
in band intensity at 2200 cm™".

The TP IRAS spectra of the ester-functionalized ILs [MBMIM]
[NTf,] and [IPBMIM][NTf,] are shown in Figure 2b and 2c, re-
spectively. Their spectral behavior as a function temperature is
very similar to that of [BMIM][NTf,]. Again, we can divide the
temperature range into three phases: multilayer desorption,
monolayer desorption (possibly with partial decomposition)
and desorption of all IR species. For [MBMIM][NTf,], multilayer
desorption takes place at around 380 K while desorption of
the species from the monolayer occurs around 500 K. For
[IPBMIM][NTf,], multilayer desorption is observed at 380K
while the I[R-active species from the monolayer disappear
around 530 K. Overall, it can be summarized that the multilayer
desorption temperature show the relation: T,[IPBMIM] (380 +
5K)=T,[MBMIM] (375 K+ 5 K) >T,[BMIM] (360 K=+ 5 K), where-
as desorption of the surface species in the monolayer are ob-
served at TJ[IPBMIM] (53030 K)>T,[MBMIM] (50030 K) >
T, BMIM] (460430 K). The higher multilayer desorption tem-
perature of [IPBMIM] and [MBMIM][NTf,] compared to the non-
functionalized [BMIM][NTf,] is due to the stronger intermolecu-
lar interactions through the polar ester group and larger van-
der-Waals interactions. The similar multilayer desorption tem-
perature of [IPBMIM] and [MBMIM][NTf,] indicates that the
main contribution to the intermolecular interactions originates
from the ester group and not from the van-der-Waals interac-
tion. The isocyanide band at 2200 cm™ can also be found for
the ester-functionalized ILs on the Co;0,(111) surface. For
[MBMIM]INTf,], the 2200 cm™' band behaves similarly to the
one formed from [BMIM][NTf,]. However, for [IPBMIM][NTf,] the
isocyanide species is observed at high temperature only. This
indicates that [IPBMIM][NTf,] is somewhat more stable towards
decomposition at surface defects.

2.3. Adsorption of [MBMIM]INTf,] and [IPBMIM][NTf,] on
Co;0,(111) at 300 and 400 K

In a next set of experiments, we deposited the ester function-
alized ILs [MBMIM] and [IPBMIM][NTf,] onto Co;0,(111) surface
at 300 and 400 K. The corresponding time-resolved IRAS spec-
tra are shown in Figure 3 and 4, respectively. Again the refer-
ence spectrum was taken before IL deposition and the IR spec-
tra were taken during the deposition process.

At 300 K, the IRAS data of [MBMIM][NTf,] and [IPBMIM][NTf,]
are nearly identical to those at 200 K. We identify all character-
istic features of the [NTf,]” ion in the spectra. Presence of the
[MBMIM]* or [IPBMIM]* ion is indicated by the characteristic
V(G=N/C=C);y stretching mode of the imidazolium ring at
1575 cm . Again, a strong broadening and red-shift of the
v(C=0) band to 1680 cm™' indicates the interaction of the
ester group with the surface in the first monolayer. Beyond the
monolayer, the characteristic band of the free ester group ap-
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Figure 3. Time-resolved IRAS of [MBMIM][NTf,] and [IPBMIM][NTf,] on
C050,(111) at 300 K.

pears at 1728 cm™' showing the growth of a non-specifically

adsorbed multilayer. The preferential orientation of the [NTf,]™
ion is indicated by the large intensity of the v(SO,),, band
which shows that anion adsorbs on the surface via the SO,
groups (see Section 3.1). We conclude that, similarly to the sit-
uation at 200 K, both the anion and the cation directly co-
adsorb on the Co;0, surface via specific interaction mecha-
nisms. After completion of the first monolayer, we observe the
growth of the IL multilayer. Spectroscopically, we can identify
the multilayer by the appearance of bands which do not show
the characteristic peak shifts and intensity changes of the spe-
cifically adsorbed monolayer. We conclude that the preferential
molecular orientation is rapidly lost, once the multilayer is
formed.

Turning to the IL deposition experiment at 400 K (Figure 4),
we observe that the IR bands saturate after appearance of the
monolayer features and no multilayer bands are formed. This
behavior is expected as we have shown in the TP-IRAS experi-
ment that the [MBMIM][NTf,] and [IPBMIM][NTf,] multilayers
desorb at 380 K. Noteworthy, the features observed at 400 K
are nearly identical to the monolayer bands observed for dep-
osition of small amounts of ILs at 300 K. The only difference is
seen in the CN/CC band at 1575 cm™" which is more promi-
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Figure 4. Sub-monolayer IRAS of [MBMIM][NTf,] and [IPBMIM][NTf,] on
Co;0,(111) at 400 K.

nent at 400 K indicating a more upstanding orientation of the
imidazolium ring in the cations. Clearly, we identify the charac-
teristic bands of the [NTf,]” ion at 1062 cm™ (V(CF3)sym);s
1140 em™ (V(SOo)gm), 1216 cm™ (V(CF3),ym) and 1360 cm™
(v(S0,)a5ym)- The intensity ratio of the v(S0,),,, and the v(CF;),,,,
bands is similar to that found in the sub-monolayer at 200 and
300 K, indicating that the [NTf,]” ion is again oriented with the
SO, group pointing towards the surface.

2.4. Adsorption and Desorption of [BMIMI[NTf,] and
[IPBMIM][NTf,] on CoO(100)

The isothermal adsorption experiments with the ester-func-
tionalized ILs show that functionalization with the ester group
can be utilized to introduce a specific interaction mechanism
between cation of the IL and the surface. The findings suggest
the interaction occurs by chemisorption of the carbonyl func-
tion of the ester group to a Co®* ion of the Co;0,(111) surface.
Here, the two ester-functionalized ILs, [MBMIM] and [IPBMIM]
[NTf,], show very similar behavior.

In the next step, we investigated whether the surface struc-
ture of the cobalt oxide has an effect on the interaction with
functionalized and non-functionalized ILs. To this end, we pre-
pared CoO(100) films on Ir(100) and probed their interaction
with [BMIM][NTf,] and [IPBMIM][NTf,]. In contrast to Co;0,(111),
the CoO(100) surface is terminated by both Co?" and O* ions,
with the Co®"-Co®" distance (3.0 A) being much smaller than
on C0;0,(111) (5.7 A). The IR data recorded for the isothermal
adsorption experiments for [IPBMIM][NTf,] and [BMIM][NTf,] on
Co0(100) are displayed in Figure 5 and 6, respectively. Both ILs
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were deposited at temperatures below (300 K) and above
(400 K) the multilayer desorption temperature.

For the [IPBMIM][NTf,] at 300 K, we observed a behavior that
is very similar to the one observed for adsorption on
Co50,4(111). Starting with the [NTf,]” ion, we can identify all
characteristic bands and also observe the changes in relative
band intensities which indicate the adsorption of the [NTf,]”
ion via the SO, groups on the oxide surface. The presence of
the cation is indicated by the v(C=N/C=C),,4 stretching mode
of the imidazolium ring at 1575 cm™' and the v(C=0) of the
ester group. Similar as for Co;0,(111), the C=0 bond is broad-
ened and red-shifted to 1680 cm™' in the monolayer region in-
dicating interaction of the ester group with the Co®" ions in
the CoO(100), before free ester groups (v(C=0) at 1728 cm™')
are observed in the multilayer regime.

A surprisingly different behavior was found, if [[PBMIM][NTf,]
was deposited at 400 K, on which we reported recently in a
short communication.”” Here we present additional data at
300 and 375K to discuss the behavior in greater detail (see
Figure 5). In the anion region, we observe all characteristic
bands of the [NTf,]” ion (1062cm™" (v(CFs),), 1140 cm™
(V(SO)gym)s 1216 cm™" (V(CF3) ), 1360 cm™ (V(SO,),q,rn) indi-
cating that the anion is intact and adsorbs on the surface with
the characteristic orientation discussed before (see Figure 5
and discussion above). Dramatic changes are observed, howev-
er, in the spectral region of the cation. We find that the charac-
teristic v(C=0) stretching band of the ester group (1680 cm™'
for the adsorbed and 1728 cm™' for the free ester) is nearly
absent and, instead, a new band appears at 1412 cm™'. Previ-
ously, we studied the adsorption of various carboxylic acids on
the same cobalt oxide film.?'®*% Typically, these compounds
adsorb by formation of a bridging surface carboxylate, which
is characterized by the dominant bands of the symmetric
stretching mode, v,(OCO), of a bridging surface carboxylate at
around 1420 cm™'. Note that the antisymmetric stretching
mode, v,,(0CO), at around 1540 cm™' is not observed because
of the MSSR. Accordingly, we attribute the new band at
1412 cm™ to a surface carboxylate which is formed by cleav-
age of the ester group in the [IPBMIM]* ion by reaction with
the surface. We suggest that in this reaction the isopropyl
group is split off and leaves the surface by formation of a vola-
tile fragment, such as for example, propene or acetone. This
reaction leaves behind an imidazolium species anchored to the
surface by a carboxylate group. The presence of the imidazoli-
um ring in the surface-anchored fragment is evidenced by the
characteristic v(C=N/C=(),,, stretching mode of the imidazoli-
um ring at 1575 cm™".

In a reference experiment, we investigated the adsorption of
the non-functionalized [BMIM][NTf,] on CoO(100) under identi-
cal conditions. The corresponding IR data is displayed in
Figure 6. At 300 K, we observe the formation of IL multilayers.
Both in the anion and in the cation region, we observe all
characteristic bands (see Section 5.1) which allows us to con-
clude that the [BMIM][NTf,] adsorbs molecularly on CoO(100).
No indication for specific chemical interactions are observed
apart from the preferential orientation of the [NTf,]” ion in the
first monolayer, which is the same as observed in all other sys-
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tems discussed above. For adsorption at 400 K, the spectra are
dominated by a number of broad bands which are characteris-
tic for the [NTf,]” ion. However, no clear evidence was found
for the presence of the v(C=N/C=(),;,; mode of the imidazoli-
um group. This implies that either the imidazolium group of
the [BMIM] ™ lies flat on the surface or that the IL decomposes
partially and the cation desorbs from the surface by formation
of volatile products. The large width of the bands may suggest
that at least a part of the IL indeed undergoes decomposition.

Finally, we studied the thermal behavior of [BMIM][NTf,] and
[IPBMIM]INTf,] multilayers on CoO(100) in an experiment simi-
lar to the one shown in Figure 2 for Co;0,(111). As shown in
Figure 7, desorption of the IL multilayer is observed at 360 K
for [BMIM][NTf,] and at 380 K for [IPBMIM][NTf,]. Not surpris-
ingly, these temperatures are identical to those observed on
C0,0,(111).

For both ILs, weak features reside above the monolayer de-
sorption temperature. For the non-functionalized [BMIM][NTT,]
the most prominent peak is the v(S0,),,, band at 1140 cm’
which only gradually decreases in intensity with increasing
temperature and can still be observed at temperatures above
550 K. The high thermal stability suggests that the IL indeed
decomposes and [NTf,]~ derived fragments reside which de-
compose only slowly at high temperature. Recently, we ob-
served a similar behavior for a very similar IL on a CeO, sur-
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Figure 7. TP IRAS of a) [BMIM][NTf,] and b) [IPBMIM][NTf,] thin film on a
CoO(100) surface.

face.'>3" A similar behavior is also found for [IPBMIM]INTY,]
above the multilayer desorption temperature. Here, the most
striking observation is that the new carboxylate band v,(OCO)
at 1412 cm™" which is indicative of the surface-bound imidazo-
lium ion is rather weak. This observation is in-line with the
idea that the scission of the ester bond and the formation of
the surface carboxylate is an activated process which occurs at
elevated temperatures only. In the TP-IRAS experiment, desorp-
tion competes with scission of the ester bond and, conse-
quently, the surface coverages of the anchored species are
lower than those formed during extended exposure to
[IPBMIM][NTf,] at elevated temperature.

Summarizing the above findings, we find that for all ILs and
both cobalt oxide surfaces, the [NTf,]~ ion shows a similar be-
havior upon adsorption. The species adsorbs molecularly on all
surfaces at temperatures up to 400 K, adopts a cis-conforma-
tion and interacts with the surface via its SO, groups. The sur-
face interaction of the imidazolium ion can be controlled by
functionalization, that is, introduction of an ester group onto
one of the alkyl side chains. On both, the Co;0,(111) and the
Co0(100) surface, the ester group can bind weakly to the sur-
face via interaction of the C=0 with the Co®" ions. While the
latter interaction mechanism is the only one observed on
Co;0,(111), a second reaction channel is found for [IPBMIM]
[NTf,] on CoO(100). Here, a C—O bond of the ester can be
cleaved, leading to the formation of an imidazolium species,
which is anchored to the surface by formation of a surface car-
boxylate. The key difference between the CoO(100) and the
C0;0,(111) surface is the distance between the surface Co*"
ions.”? The smaller Co®"-Co?" distance of 3.0 A on CoO(100)
permits formation of a bridging carboxylate, whereas this ad-
sorption geometry is not possible on the Co;0,(111) surface
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with a Co’"-Co?" distance of 5.7 A. On the latter surface, a
chelating carboxylate could be formed, which has a lower sta-
bility however.?? As a consequence, we expect a larger driving
force for carboxylate formation on CoO(100). We envisage that
in future work such structure-dependent anchoring reactions
could be utilized to prepare nanostructured IL-oxide interfaces.

3. Conclusions

We have studied the adsorption and reaction of three ILs, 3-
butyl-1-methylimidazolium  bis(trifluoromethyl-sulfonyl)imide
([BMIM][NTS,]), 3-(4-methoxyl-4-oxobutyl)-1-methylimidazolium
bis(trifluoromethyl-sulfonyl)imide ((MBMIM][NTf,]) and 3-(4-iso-
propoxy-4-oxobutyl)-1-methylimidazolium  bis(trifluoromethyl-
sulfonyl) imide ([IPBMIM][NTf,]) on two atomically-defined
cobalt oxide surface, namely Co;0,(111) and CoO(100). All ILs
were deposited by PVD method under UHV conditions. The
Co;0,(111) and CoO(100) surfaces were prepared in form of
thin films by reactive deposition of Co atoms in oxygen atmos-
phere on Ir(100). Adsorption, reaction, film growth were stud-
ied insitu by time-resolved and temperature-programmed
IRAS. The main findings can be summarized as follows:

1) Surface interaction of the [NTf,]” ion: On both cobalt oxide
surfaces, all ILs physisorb at temperatures up to 300 K. The
[NTf,]” ion shows a preferential adsorption geometry and
orientation in the first monolayer. It adopts a cis-conforma-
tion and interacts with the surface via the SO, groups. In
the multilayer, the preferential orientation is rapidly lost.

2) Surface interaction of the cations: For all three ILs and at
sub-monolayer coverage, the imidazolium ring in the
cation is generally oriented parallel to the surface. For the
ester-functionalized ILs [MBMIMIINTf,] and [IPBMIMI[NTf,]
the cation shows a characteristic interaction with both
cobalt oxide surfaces. Here, the C=0 group of the ester
function binds weakly to a surface Co*" ion. The ester
group of the cation, however, remains intact in spite of this
interaction with the surface.

3) Multilayer and monolayer desorption: For all three ILs, we
determined the multilayer desorption temperatures T, by
temperature-programmed IRAS (heating rate 2 Kmin™'):
Ty4es BMIM) =360 45 K; Taes(MBMIM) =375+ 5 K;
Taes(IPBMIM) =380 + 5 K. After desorption of the multilayer,
strongly adsorbed monolayer species reside on the surface.
These species desorb and decompose over a broader tem-
perature range from 450 to 550 K.

4) Structure dependent surface reaction of [IPBMIM][NTT,]: Upon
deposition of the ILs at temperatures slightly above the
multilayer desorption temperature (400 K), more strongly
adsorbed monolayers of molecularly adsorbed ILs are
formed. An exception is [IPBMIM][NTf,] deposited on
Co0O(100). Here, deposition at 400 K leads to cleavage of
the ester bond in the [IPBMIM]" ion. This surface reaction
yields an imidazolium species which is anchored to the sur-
face via a bridging surface carboxylate. The surface reaction
is structure sensitive and is not observed on Co;0,(111).
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