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ABSTRACT

In situ photoemission and near edge X-ray absorption fine structure (NEXAFS) techniques have
been used to study the interaction of CO; with an ionic liquid thin film. A thin film of the
superbasic ionic liquid (SBIL) trihexyltetradecylphosphonium benzimidazolide ([Peess14][benzim])
was prepared on a rutile TiO2 (110) surface and exposed to CO, at near-ambient pressures.
NEXAFS measurements combined with density functional theory calculations indicate a
realignment of [benzim] anions from 27° from the surface normal to 54° upon exposure to CO».
Angle-resolved X-ray photoelectron spectroscopy (AR-XPS) shows evidence of irreversible CO»
absorption in thin films of [Pees14][benzim] and a greater concentration of CO»-reacted anions in
the deeper layers. These results give a new perspective on CO; uptake in ionic liquids and
fundamental interactions at the liquid-gas interface. Understanding this interfacial behaviour is
important for developing ILs for gas capture applications and may influence the performance of

other IL-based technologies.



INTRODUCTION

Carbon dioxide (CO.) capture and separation has become an important process in reducing CO»
emissions in fossil fuel-fired power plants. In current industrial applications, alkanolamine
solvents such as monoethanolamine (MEA) are typically used for CO; capture but incur unwanted
long-term costs due to the energy required to regenerate them.! In recent years, ionic liquids (ILs)
have been researched as potential green alternatives for CO> capture in post-combustion power
plants owing to their high CO; capacity, very low volatility, high thermal stability and lower
regeneration temperatures compared to MEA .>*

ILs consist of anions and cations held together by Coulombic forces and have lower melting
points than conventional ionic salts due to the bulky and unsymmetrical nature of the ions.’ The
vast number of possible anion-cation combinations allows for the physical and chemical properties
of an IL to be fine-tuned.® As well as the properties discussed above, ILs have wide electrochemical
windows and can have a low corrosivity and toxicity.®’ Their numerous, varied, and tuneable
properties make ILs promising for a wide range of potential applications including electrolytes for
electrochemical devices and nanostructure growth,®'% solar cell fabrication and performance

improvement,' 12

and the capture and separation of environmentally harmful gases such as CO;
and SO,."*!* A recent sub-group of ILs called superbasic ILs (SBILs) are being researched for gas
capture applications due to their higher CO> capacities and low viscosity increases compared to
conventional ILs."* SBILs consist of quaternary phosphonium/ammonium-based cations paired
with a superbasic anion such as imidazolide, triazolide or phenoxide.'®!

There is little information available in the literature about monolayer and multilayer behaviour

of SBILs. Monolayer/multilayer behaviour of conventional imidazolium-based ILs has been

investigated using thin and ultrathin IL depositions on a number of substrates in vacuo, including



glass,'® mica,!” gold,?° and nickel.?! ILs are more highly structured than most molecular liquids,
and these studies have all revealed vital information pertaining to the layering and stacking
behaviour of these ILs. However, there is little available literature involving the use of X-ray
absorption techniques, specifically near edge X-ray absorption fine structure (NEXAFS)
spectroscopy. NEXAFS can be used to quantitatively determine the orientation of aromatic IL ions
at submonolayer, monolayer, and multilayer coverages.”> Using near-ambient pressure
synchrotron facilities it is now possible to conduct XPS and NEXAFS measurements of liquid-gas
interfaces. It is also common to pair experimental NEXAFS with density functional theory (DFT)
simulations due to a lack of comparable experimental spectra. No literature currently exists in the
way of NEXAFS investigations of IL/gas systems under near-ambient pressure conditions, so
simulated NEXAFS spectra will be used in our study to provide further insight into our
experimental results.

Herein, we report a combined in sifu XPS and NEXAFS study into the ordering and interactions
of a multilayer thin film deposition of the SBIL [P¢ss14][benzim] on rutile TiO> (110) before,
during, and after exposure to CO2. NEXAFS measurements are compared to simulated NEXAFS
spectra calculated using DFT and quantum chemical simulations are used to visualise the
unoccupied antibonding molecular orbitals. This combined approach identifies chemical reactions
at the ionic liquid/gas interface and reordering of the ionic liquid upon exposure to gas.

EXPERIMENTAL AND THEORETICAL METHODS

Experimental measurements of the IL trihexyltetradecylphosphonium benzimidazolide
([Pss614][benzim]) were carried out at beamline VerSoX (B07) at Diamond Light Source in the UK
(photon energy range 250 - 2800 eV).? The [Pessia]” cation was synthesised using a

trihexylphosphine precursor as detailed in ref. [24]. The VerSoX endstation has a hemispherical



PHOIBOS 150 NAP electron energy analyser and the analysis chamber is backfilled with gas to
carry out near-ambient pressure measurements. The angle of the sample can be rotated with respect
to the analyser whilst at near-ambient pressure which allows angle-resolved NEXAFS
measurements. A rutile TiOz (110) single crystal (PI-KEM) was cleaned via Ar' sputter/anneal
cycles (sputtering at 1 keV for 10 minutes and annealing at 700°C for 10 minutes) until XPS
spectra showed no contamination. Then, a 0.5 M solution of [Psss14][benzim] (chemical structure
shown in Figure 1(a)) in methanol was deposited dropwise via a syringe onto the rutile TiO (110)
single crystal in the load lock of the end station in ambient laboratory conditions. It was then
allowed to degas for several hours under vacuum conditions prior to measurements.

Near-ambient pressure XPS (NAP-XPS) measurements of the [Pesssi14][benzim] multilayer thin
film were taken at high vacuum (as presented), during exposure to three different pressure regimes
of CO; (10 mbar, 1 mbar, and 5 mbar), and following exposure to CO; (after the gas was pumped
out). The reaction of CO; with the [benzim]™ anion is shown in Figure 1(a). XPS scans across the
IL layer showed a film with inhomogeneous thickness, therefore measurements were taken on a
very thin part of the film such that the Ti 2p signal from the TiO2 substrate was still detectable
(homogeneous over approximately 2 mm square, approximately 0.5 nm thick on average). The
sample was moved approximately 0.2 mm between scans to avoid degradation and charging of the
film (beam size < 200 pm X% < 200 pum). All XPS peaks have been fitted using a Gaussian-
Lorentzian product line shape (30:70 Lorentzian:Gaussian contribution) and a linear background,
using the software CasaXPS.?* The binding energy scale for all regions has been calibrated to the
alkyl C 1s signal at 285.0 eV and all fitted peaks are quoted to + 0.1 eV binding energy.?¢

The photoemission measurements were accompanied by in situ C K edge and N K edge

NEXAFS. C K edge NEXAFS spectra were recorded over the range 280 to 315 eV by monitoring



the C Auger peak at a kinetic energy of 260 eV. N K edge NEXAFS spectra were recorded over
the range 390 to 430 eV by monitoring the N Auger peak at a kinetic energy of 375 eV. The
NEXAFS spectra are intensity-normalised such that the step between 280 eV and 315 eV (for the
C K edge), and between 390 eV and 430 eV (for the N K edge), is equal to unity. Background
correction procedures are shown in the Supporting Information (SI).

The experimental NEXAFS spectra are compared to theoretical spectra obtained using DFT
simulations performed in the software StoBe-deMon.?” The isolated [benzim]” anion was geometry
optimised in Avogadro (version 1.2) before excited state calculations were carried out in StoBe-
deMon.?® For the C K edge, theoretical NEXAFS spectra were obtained for each carbon atom in
the anion and then combined to produce the total theoretical spectrum for the anion. The same
procedure was carried out for the N K edge, using each nitrogen atom in the anion. These
simulations represent an angular average in which the anions are considered to be randomly
oriented with respect to the incoming electric field vector. The spectra were then broadened using
Gaussian functions with linearly increasing Full-Width at Half Maxima (FWHM) from 0.7 eV to
12.0 eV between the photon energies of 290 and 310 eV. This accounts for the reduced lifetime of
the o* resonances.”” The theoretical NEXAFS spectra for each individual atom were energy
calibrated by calculating the difference in total energy between the ground state and first core-
excited state. This gives the energy of the first transition in the NEXAFS spectrum for that atom.
The calibrated individual spectra were added together to produce the total theoretical spectra. The
total theoretical spectra were then simply shifted in energy to match the experimental NEXAFS
spectra. To complement NEXAFS simulations, unoccupied molecular orbitals were calculated
using the software ORCA (version 4.0) and visualised using Avogadro.**3!

RESULTS AND DISCUSSION
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Figure 1. (a) Chemical structure of the [Pess14]" cation with Chetero atoms highlighted in green and
Caliphatic 1n black. The [benzim]™ anion is shown as presented and while reacted with CO,, where
N (red) and N (purple) denote the N atoms following reaction with COz at the N! site. (b) C 1s
and (c¢) N 1s XPS regions recorded at photon energies of 585 eV and 700 eV, respectively, for a
thin film of [Psss14][benzim] as presented, exposed to 10 mbar CO2, 1 mbar CO2, 5 mbar CO»,
and after exposure. The C 1s binding energy range between 287 to 291 eV is magnified x 100

(blue boxes) and shows the formation of a carbamate peak upon absorption of CO».

NAP-XPS measurements of multilayer [Pess14][benzim] were taken upon exposure to increasing
pressures of CO, (1079, 1 and 5 mbar) in the C 1s, N 1s, and P 2p regions (taken at photon energies
of 585, 700, 830, and 430 eV, respectively). The fitted components of these regions are
summarised in Table S1 of the SI, and the survey spectra for each exposure stage are shown in
Figure S1. The Ti 2p spectra remain relatively unchanged throughout the exposure regime and
simply result from Ti atoms in the TiO; substrate. The Ti 2p region is, therefore, shown in Figure
S2.

All the spectra in the C 1s region shown in Figure 1(b) are normalised to the main peak which
can be fitted with two components attributed to carbon atoms in the [Pessi4]” cation. The
component at 285.0 eV is attributed to aliphatic carbon (Cailiphatic, see Figure 1(a)) and the
component at 285.9 eV is attributed to carbon atoms immediately around the phosphorous atom,
Chetero. Their positions are consistent with previous reports for phosphonium-based ILs with the
same [Pees14]" cation.?® For the IL as presented, the area ratio of these components (Caliphatic: Chetero)
is 8.6:1 compared to 7:1 from the stoichiometry of the cation. The slight discrepancy from
stoichiometry may be due to aliphatic contamination during deposition of the IL in atmosphere or

could be due to photoelectron diffraction effects. It is possible that C—C bonds in the [benzim]



anion provide a small contribution to the main Caippnaic peak which can also affect this
Caliphatic: Chetero ratio. As discussed in our P 2p analysis below, there will also be aliphatic and hetero
contributions from the trihexylphosphine precursor used in the synthesis of the IL at similar BEs.
The C 1s peak is asymmetric towards higher binding energies (BEs) and can be fitted with a
component at 286.8 eV attributed to C—N bonds in the [benzim]™ anion (Canion).?****? Surface-
sensitive grazing emission (GE, 40° from normal emission) measurements in Figure S4 suggest
these three species are equally distributed throughout the thin film before exposure to CO».

When the IL is exposed to COy, it results in a peak at 293.3 eV attributed to gas-phase CO;. This
is only visible in the 1 mbar and 5 mbar exposure stages. At 10" mbar, a feature appears at a similar
BE but is assigned to K 2p as discussed in the SI (Figure S4). Further changes arise when COz is
introduced; while the Caiiphatic and Chetero components remain unchanged in position, the Canion
component experiences an upward chemical shift of 0.3 eV to 287.1 eV, true for each of the
pressures tested. Even after exposure to CO> this component remains shifted to a higher BE.
Additionally, the absorption of COx> results in another peak at a BE of 289.0 eV, assigned to the
formation of carbamate as shown in Figure 1(a). The position of this carbamate peak is in line with
previous reports of CO» absorption in bulk coverages of [Psss14][benzim].>* For the IL as presented
there is no carbamate peak, further confirming that this peak is due to the IL’s reaction with CO».
The region between 287 to 291 eV in Figure 1(b) is magnified (x100) to highlight the relative
change in intensity of this carbamate feature with increasing CO; pressure. Even at pressures as
low as 10 mbar of CO», the formation of carbamate can be observed. In fact, the carbamate peak
is more intense for 10"® mbar than for any of the higher pressures. At this low pressure, reactions
are likely to occur at the surface, causing the intense carbamate peak. The decrease in intensity of

the carbamate peak at higher pressures suggests that the saturated anions are reorienting towards



the bulk. Interestingly, this carbamate peak is still present after exposure to CO,, implying that the
absorption/desorption of COz is not fully reversible in this experiment. It has been shown that bulk
thicknesses of [Psss14][benzim] absorb and desorb CO; reversibly when the surrounding CO» gas
is pumped out,** or when the IL is heated,!” so it is unclear why the reaction is not fully reversible
here. The thickness of the IL film is likely to influence the reversibility of reactions as discussed
further in the paper.

There is a gradual shift of the carbamate peak from 289.1 eV in the 10 mbar stage to 288.8 eV
after exposure. The cause of this BE shift is unknown. However, the N 1s and P 2p spectra below
show significant changes throughout the exposure stages and after exposure. For example, the P
2p spectra in Figure 2 indicate reordering of a number of different species through the sample
depth (as discussed further in the paper), all of which can interact with anions. These
intermolecular interactions may change when the anions reorientate upon exposure to (or removal
of) CO; and may cause a BE shift in the carbamate component after exposure.

The N 1s spectra in Figure 1(c) have been normalised to the total area and can be fitted with
three components at 398.6, 400.0 and 401.1 eV. These are attributed to the chemically equivalent
imidazolide N! and N? atoms (N'?), N> in the CO,-reacted anion, and N'* in the CO»-reacted
anion, respectively. N!' and N2, shown in Figure 1(a), are chemically equivalent due to resonance
effects in the anion.**** Imidazole carbamate forms at N'* and the remaining unreacted N in the
anion is labelled N**. We would expect N!? to be the only component in the as presented (pre-
exposure) stage, however, we still see N and N?' reaction peaks. These occur from reaction to
ambient COz in the atmosphere when the sample was transferred to the UHV chamber. GE spectra
in Figure S5 suggest that there is a greater concentration of unreacted anions (N'*) in the surface

layers of the IL, and a greater concentration of reacted anions (N'* and N?") in the bulk. Similar
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behaviour was reported for aqueous MEA solutions treated with CO> by Lewis et al., revealing
that reacted MEA had a greater concentration in the bulk of the solution while unreacted MEA
was more concentrated at the surface.*®

As the IL is exposed to CO2, the N and N*' components in Figure 1(c) increase in intensity
with increasing pressure of CO; relative to N2, further suggesting that these components are
attributed to the absorption of CO,. However, the N and N*>' components deviate from the
expected 1:1 area ratio. The N*' component remains of comparable intensity to N'2, however, the
N component reduces in relative intensity compared to N!2. This deviation from a 1:1 area ratio
may be due to the weak interaction between unreacted anions and CO> trapped between the IL
layers. Such an interaction is likely to result in a shift of the N'* component towards higher BEs,
causing an apparent increase in the N>’ component. After exposure, the intensities of these
components do not return to their pre-exposure intensities (as presented stage), indicating an
irreversible reaction. The presence of reacted species both before and after exposure indicates that
CO; cannot be fully removed by pumping down to high vacuum.

Alongside the C 1s and N 1s spectra, O 1s spectra in Figure S3 of the SI also show evidence of
irreversible CO; absorption occurring in our thin film of [Pgesi4][benzim]. The results presented,
herein, suggest that the reversibility of CO; absorption is not only dependent on the structure of
the IL, but also the thickness of the IL film. The interaction of the substrate and vacuum with our
ultra-thin film of an imidazolide-based IL results in highly structured IL layers which have the
potential to trap COz. This trapped CO2 may impact the reversibility of CO2 absorption in thin

films with only several layers.
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Figure 2. P 2p region recorded at a photon energy of 430 eV for multilayer [Pgss14][benzim] as

presented, while exposed to various pressures of CO2, and after exposure.

The P 2p spectra in Figure 2 have been normalized to the total area. For the as presented
spectrum, the lower-energy feature can be fitted with 2p3/2 and 2p12 components at 130.4 and 131.3
eV and may be attributed to trihexylphosphine (THP). There is no evidence of beam damage-
induced degradation of the [Pess14]" cation, therefore, it is likely that THP is present as a precursor

impurity from the synthesis of [Psss14]".>* The higher-energy feature is fitted with 2p3, and 2pi2
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components at 132.4 and 133.3 eV, respectively, and is assigned to the [Pess14] " cation.?® The GE
study in Figure S6 shows a higher concentration of THP in the bulk and a higher concentration of
cations at the surface before exposure to COa.

Upon exposure to CO, the [Pessi4]” components shift by 0.4 eV to higher BEs of 132.8 and
133.7 eV, respectively. In addition, the THP feature reduces in intensity with CO; exposure. These
changes could be explained by a reversible reaction between phosphine (THP) and CO,. As CO»
exposure is increased, there is a reduction in the THP feature and an increase in the THP-CO,
adduct feature, which is likely to occur at a similar BE to the [Pessi4]" feature. Therefore, the
[Pessi4]” feature at about 133 eV appears to broaden and increase in intensity. The THP peak
reduces to zero upon exposure to the highest pressure of 5 mbar CO,. The THP peak reappears
after exposure to CO; but the region is dominated by the [Psss14]” peak. The intensities of these
two peaks are flipped compared to the IL pre-exposure peaks and may be indicative of reordering
of the depth profile of the ions, or weak interaction between the cation and trapped CO» in the IL
layers. A shoulder at 136 eV appears when the IL is exposed to low pressures of CO> (10 and 1
mbar), assigned as phosphine oxide, forming from the reaction between phosphine and residual
water in the chamber or on the sample surface.*® As shown in Figure S6, this phosphine oxide peak
is more pronounced at GE, suggesting it is a surface phenomenon. This may explain why the peak
only occurs at low pressures of CO2, because the residual water is likely to be displaced away from
the surface with increasing pressures of CO. Phosphine oxide should appear in the O 1s spectra
but this has not been specifically assigned due to the complex nature of the O 1s region.

Angle-resolved NEXAFS of the multilayer [Pesss14][benzim] film was taken over the C K edge
at X-ray incidence angles of 44° and 79° from the substrate surface as shown in Figure 3(a). This

was carried out for the IL as presented and upon exposure to 1 mbar of COz, in order to investigate
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IL orientational ordering at the surface. The IL + 1 mbar CO» spectra were divided by a gas-phase
CO2 NEXAFS spectrum recorded over the same photon energy range. This removed dips in the
spectra due to the absorption of incoming X-rays by the surrounding CO> gas in the analysis
chamber. However, a slight mismatch between data causes spikes to be introduced into the c*

region of the spectra, as shown in Figure S8 in the SI.
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Figure 3. (a) C K edge NEXAFS spectra of [Psss14][benzim] as presented and when exposed to 1
mbar of CO», for the X-ray beam incident at angles (0) of 44° and 79° from the IL surface.
Schematic pictures indicating the orientation of the anion (b) while exposed to CO> (benzim ring

54° from surface normal) and (¢) as presented (benzim ring 27° from surface normal).

For the as presented IL, there is a split ©* peak with two features at 285.3 and 287.9 eV, and a

o* peak at 292.6 eV. Walsh et al. found a split n* peak at similar photon energies over the C K
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edge for benzimidazole on Cu (100) for multilayer coverage.>’ They also found that the higher-
energy n* peak disappears at submonolayer coverage. Angle-resolved NEXAFS allows us to
determine the orientation of the anion on the TiO> (110) substrate by comparing the relative
intensities of the n* and o™ peaks at different X-ray angles of incidence. Relative to the o* peak,
the lower-energy n* peak at 285.3 eV is more intense for an X-ray incidence angle of 79° than for
44°. As * orbitals point perpendicular out of the plane of the benzimidazolide ring, we can infer
that the ring of the anion preferentially orients towards the surface normal (i.e. upright from the
surface, as shown schematically in Figure 3(c)). We can estimate the tilt of the ring of the anion
from the surface normal by calculating the intensity ratio of the lowest-energy n* peaks at both X-
ray incidence angles and comparing them to the theoretical intensity ratio calculated using the
Stéhr equations, assuming a random azimuthal orientation.®® The benzim ring is oriented
approximately 27° from the surface normal prior to CO; exposure (see Figure S17 in the SI).

Upon exposure to 1 mbar of CO, the lower-energy n* peak at 285.3 eV is significantly more
intense relative to the o* peak at approximately 291 eV for X-rays incident at 44° rather than 79°,
indicating that benzim ring tends to lie closer to the plane of the substrate when exposed to CO-
(approximately 54° from the surface normal, as shown in Figures 3(b) and S17).This suggests that
the formation of carbamate at the anion induces a realignment of the IL at the TiO; surface. N K
edge NEXAFS spectra (Figure S10) suggest further reorientation of the anions towards the surface
with increasing CO; pressure. To the best of our knowledge, realignment of ions in ultrathin IL
films upon absorption of CO> has not been previously reported.

DFT simulations were carried out and the simulated C K edge NEXAFS spectra were compared
to experimental spectra as shown in Figure 4(a). For the IL as presented, the theoretical DFT

spectrum has three n* peaks at 285.3, 287.6 and 290.3 eV, and a c* peak at 293.2 eV. These
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correspond to features in the experimental spectra at 285.3, 287.9, 290.2 (feature is very small)
and 292.6 eV, respectively. As the DFT simulations are not angle-resolved, the intensities of these
features are not comparable to those of the experimental data, only the positions of the features are
comparable. In the DFT spectrum there is a slight broadening of the lowest energy n* peak towards

higher photon energies, as shown in Figure S11.
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Figure 4. (a) Experimental and simulated (DFT) C K edge NEXAFS of [Pess14][benzim] as
presented and when exposed to 1 mbar of CO». The grey dashed lines highlight features of the
DFT spectra for comparison with the experimental spectra. The experimental spectra were taken
44° from the IL surface. (b) Lowest unoccupied molecular orbitals (LUMOSs) of [benzim] + CO>

arranged in order of increasing energy (left to right). LUMO, LUMO+1 and LUMO+2 are assigned
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to the 1n*, 2n* and 1o* antibonding orbitals, respectively. (¢) LUMO, LUMO+1 and LUMO+2

of the isolated [benzim] anion, assigned to the 17*, 16* and 2n* antibonding orbitals, respectively.

When simulating the IL exposed to CO», the CO, was bonded to atom N' to form carbamate as
shown in Figure 1(a). The negative charge from N! was given to the singly-bonded O atom. The
IL + CO2 DFT spectrum has three n* peaks at 285.3, 287.2 and 288.4 eV, and a o* peak at 291.1
eV. These occur at the same energies as their corresponding peaks in the experimental spectra.

To complement the simulated NEXAFS spectra, unoccupied antibonding orbitals of the isolated
and CO»-reacted [benzim] anion were computed using ORCA. This allows us to assign features
of the experimental NEXAFS spectra to specific atoms in the anion. Figure 4(c) shows the lowest
unoccupied molecular orbital (LUMO), LUMO+1, and LUMO+2 orbitals for [benzim]". These are
similar to those of imidazole obtained by Thomason et al. and can be assigned as 17*, 16* and 27*
orbitals, respectively.’® The 1n* orbital shows four distinct environments of C atoms in the anion:
C'2, C*S, C*°, C7. This agrees with the simulated NEXAFS spectra of each individual atom in the
[benzim] anion in Figure S11, showing the same four environments. The n* peak at 285.3 eV
(17*) in the DFT spectrum is largely attributed to transitions from atoms C>%7, while the 2* peak
at 287.6 eV is attributed to transitions from atom C’. From this we can assign the m* peaks at 285.3
and 287.9 eV in the IL as presented experimental spectrum as C*%7 < 1z* (LUMO) and C’ =
2n* (LUMO2) transitions, respectively. The C = 1c* transition is weak and therefore cannot be
resolved in this spectrum. Figure 4(b) shows the LUMO, LUMO+1 and LUMO+2 orbitals for the
CO»-reacted anion. When the anion reacts with CO», the n* peaks at 285.3 and 287.2 eV are
assigned to C'?2® = 1* (LUMO) and C*>"> 2n* (LUMO+1) transitions, respectively. The DFT

spectrum in Figure S12 shows that there is very little n* character on C?® in the carbamate. This
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may be a consequence of the way the negative charge was assigned in the simulations (as discussed
in the SI).

Surface structure of IL thin and thick films has previously been explored using a variety of
different substrates including metals (Au,?%* Ag,*! Cu,3"** Pt**), metal oxides (Ti02,2>* ZnO*%),
carbon (graphite,*® graphene,*’ nanotubes*®), and many more. We opted to study rutile TiO> (110)
as our substrate for its relevance in a wide range of IL-based technologies including catalysts, TiO»
nanotubes, and photovoltaic devices.*>! Modification of these systems using ILs can lead to
greener technologies with improved performance and stability. %923

Orientational ordering of ILs is typically demonstrated with imidazolium-based ions with long
alkyl chains that preferentially orient towards the vacuum and away from the surface due to
interactions at the IL/vacuum interface.?>>* However, reordering of IL thin films upon absorption
of COz has not been shown experimentally prior to this study, to the best of our knowledge.
Alternatively, some groups have carried out molecular dynamics simulations to investigate
ordering of IL thin films on various solid surfaces,*>>® and CO» absorption in bulk ILs.*> It is clear
that complementary computational and experimental studies are required to gain a deeper insight
into the physical and chemical effects of reordering of IL films in realistic environments.

CONCLUSIONS

Absorption of CO; in a thin film of the IL [Pses14][benzim] was studied using in sifu near-ambient
pressure X-ray photoelectron spectroscopy (NAP-XPS) and near edge X-ray absorption fine

structure (NEXAFS). Results indicate that reaction with CO; leads to the formation of carbamate

and causes a reordering of the cations and anions. The [benzim]™ anions orient approximately 27°
from the surface normal before exposure to CO2 and approximately 54° from the surface normal

when they react with CO». Angle-resolved XPS shows a greater concentration of CO:-reacted
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anions in the deeper layers of the ionic liquid. Additionally, there is evidence that the reaction with
CO:a is not fully reversible in our thin film. Experimental NEXAFS spectra are in good agreement
with simulated NEXAFS spectra obtained using density functional theory. Unoccupied
antibonding molecular orbitals were calculated and used to assign electron transitions to the
spectral features of the experimental NEXAFS. COz-induced reordering of IL films may impact
the performance of IL-based technologies such as photovoltaic devices, IL lubricants, and
catalysis.

ASSOCIATED CONTENT

Supporting Information. /n situ X-ray photoelectron spectra (survey, Ti 2p, grazing emission
study of C 1s and O 1s) of the ionic liquid [Pses14][benzim] taken at ultra-high vacuum and while
exposed to increasing pressures of CO» up to 5 mbar, and near edge X-ray absorption fine structure

spectra (experimental CO2 background gas correction, DFT simulations).
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