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ABSTRACT

lonic liquids (ILs) are molten salts that are highly hygroscopic, so they absorb
water over time. The sorption of water into IL has been heavily studied for bulk
absorption while very little data has been collected of surface sorption. It is believed
the sorption into these two different regions of the IL will have different water
interactions. Using ambient pressure X-ray photoelectron spectroscopy (AP-XPS), the
interaction of water with multiple ionic liquids was studied. After installation of a lab-
based AP-XPS and conducting experiments to show the capabilities of the system,
studies of water with IL were conducted.

For the first time, AP-XPS was used to quantitatively assess the chemical
changes of the top few nm of the ionic liquid (IL)-gas interface of 1-butyl-3-
methylimidazolum acetate, [Camim][Ace], in the presence of water vapor at room
temperature. Above 107 Torr the uptake of water into the interfacial region was
observed and increases up to a maximum water mole fraction (xw) of 0.85 at 5 Torr.
Comparing AP-XPS to gravimetric analysis measurements, the kinetics of interfacial
uptake are rapid compared to bulk water absorption. Increasing interfacial water gives
rise to relative binding energy (ABE) shifts in O 1s, C 1s and N 1s regions which
increase with xw. The binding energy shifts are due to a change in electronic

environment for specific moiety. For xw > 0.6 there is a sudden increase in

XVi



hydrophobic Caiy signal at the IL-vapor interface. In light of recent small angle
neutron scattering and molecular dynamic simulations, this observed increase in
interfacial carbon is attributed to a water induced phase change that gives rise to
nanometer sized, segregated polar and non-polar regions. This heterogeneous
restructuring leads to an enhancement in hydrophobic nanostructures at the IL-vapor
interface.

Both AP-XPS and gravimetric analysis were used to quantitatively assess the
effect of temperature on the water uptake into 1-butyl-3-methylimidazolium acetate,
[Camim][Ace], at the interfacial and bulk regions. It was found that water uptake into
the interfacial and bulk increased with decreasing temperature or increasing relative
humidity. Additionally, there is more water present in the interfacial region compared
to bulk within 0.4 < xw < 0.75 at 0 - 42 °C. The thermodynamics [enthalpy (AH°),
entropy (AS®), and Gibbs free energy (AG®)] of water sorption into both the interfacial
and bulk region of [Camim][Ace] were determined. The AH® of water sorption into the
ionic liquid (IL) at both interfaces approached the enthalpy of vaporization for bulk
water as more water was introduced to the system. The AS® was similar at both
interfaces at xw < 0.6 and showed favorability within the interfacial region at xw > 0.6.
At 20 °C, concurrently the AG° was more favorable in the interfacial region. This
implies there is a difference in water sorption at the interface and bulk regions, where

an energy barrier is present for the water to travel from the interface to the bulk.

XVii



The deliquesce of a solid IL, [Camim][Cl], was studied using AP-XPS at -5 °C.
The deliquescence point is between 7.9 < %RH < 15.8. At the maximum water vapor
of 1.1 Torr, [Camim][CI] has a maximum Xw ~ 0.77. Changes in the C 1s spectra as a
function of water vapor pressure were also noted. The initial changes in the carbon
spectra while the IL is a solid is believed to be due to carbon contamination desorbing
from the surface. After the IL deliquesces, increases in the aliphatic carbon species
may be due to restructuring of the interface where the hydrophilic carbon chain is at
the surface and the hydrophilic species (anion, imidazolium ring, and water molecules)
are clustered at the inner layer of the interfacial region. To confirm this restructuring,
MD of the interface and/or depth profiling using a synchrotron AP-XPS system are

needed.
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Chapter 1

AMBIENT PRESSURE X-RAY PHOTOELECTRON SPECTROSCOPY

1.1 Introduction

X-ray photoelectron spectroscopy (XPS), also known as electron spectroscopy
for chemical analysis (ESCA), is a powerful analytical tool that is widely used today
due to its user-friendly instrumentation and easy data interpretation. This is a vacuum-
based spectroscopy used to investigate the surface structure of various materials
including inorganic compounds, semiconductors, polymers, and even liquids. It is a
surface sensitive instrument that provides information about the sample’s elemental
composition, surface contaminations, and chemical and electronic state of the
elements present in the interfacial region. XPS analysis is also a quantitative surface
technique that provides an atomic level picture of the sample surface with a probing
depth of several nanometers (nm).t XPS can detect every element with atomic number
of 3 and above. The detection limit for this technique is in the parts per thousand range
and operates in high vacuum (10 Torr) or ultrahigh vacuum (10°° Torr).

The theory of XPS is based off of Einstein’s photoelectric effect, which won
the Nobel Prize in 1921.1 In XPS, monochromatic X-rays irradiate the sample surface
leading to the emission of core level photoelectrons (Figure 1.1). The Kinetic energy
(KE) of the emitted photoelectrons is measured and the binding energy (BE) of these
core shell electrons are determined. Since the energy of the x-rays (hv) is known and
the KE is measured, the BE of the emitted photoelectrons can be determined by the

following equation:



KE =hv—BE — @ (Eqn 1.1)

Where g is the work function of the spectrometric used to measure the kinetic
energy. The work function is different for every XPS instrument and is an adjustable
correction factor that accounts for the change in KE given up by the emitted
photoelectron as it is absorbed by the detector. In 1954, Kai Seighban and collegues
collected the first high resolution spectra of NaCl.* Soon after, Seighban and several
engineers produced the first commericial monochromatic XPS instrument in 1969.2 In
1981, Kai Seighban was recongized for his development of XPS with a nobel prize in
1981.1 Since then, XPS has been established as a very useful analytical tool used in
various applications including catalysis, semiconductors, and many other material

science fields.

~10 nm

Figure 1.1: Diagram showing XPS analysis where x-rays (gray) penetrate a sample
exciting a core level electron (blue) with some Kinetic energy that is
measured by the detector.

Today, XPS has been developed to included many state of the art
measurements including imagining the surface of a sample, depth profiling, and angle-
resolved (AR)-XPS. To image the sample surface, elemental mapping or parallel

imaging can be used to look at surface chemistry, contaminations, and sample



thickness. In elemental mapping, the energy of the X-ray beam as well as the analysis
position is fixed and images are generated using a two-dimensional rectangular array
of XPS analysis.3 A faster approach with better resolution to imaging is called parallel
imaging where the field of view is imaged entirely without scanning voltages.® Depth
profiling is also a popular sampling technique that provides information the subsurface
layers of the sample as well as a quantitative analysis of layer thickness. In this
technique, an ion beam is used to etch the surface of the sample, revealing the
sublayers underneath. By performing cycles of etching following by XPS analysis, the
layer thickness as well as composition can be determined. Depth profiling has also
been used to remove surface contaminations, that are present in most samples.* For a
more nondestructive way to determine layer thickness as well as chemical state
information, users utilize AR-XPS. In this technique, the sample is tilted at various
angles and XPS spectra is acquired as a function of the sample angle. A steep sample
angle, leads to a more surface sensitive analysis. More recently, XPS systems are
equipped with a parallel collection mode, where XPS spectra can be collected over a
range of 60° with resolution up to 1° without tilting the sample.?

Today, most XPS systems use monochromatic X-ray sources. To generate
monochromatic X-rays, a metallic anode is bombarded with high energy electrons.
The incident X-rays are then diffracted at a quartz crystal. With use multiple crystals
with different curvature, the X-rays are focused on the sample. The two most common
metallic anodes are Mg Ka (photon energy = 1253.6 ¢V) and Al Ka (1486.6 eV).>
However, metallic anodes including Zr Lo (2042.4 eV), Ag La (2984.3 eV), Ti Ka
(4510.9 eV), and Cr Ko (5417 eV) have also been used.® Different x-ray sources will

provide different photon energies (as listed) and line widths as shown in Table 1.1.



Table 1.1 Different Anode Materials used for X-ray Source

Anode Radiation Photon Energy (ev) Line Width (eV)
Mg Ko 1253.6 0.7

Al Ka 1486.6 0.85

Zr Lo 2042.4 1.6

Ag Lo 2984.3 2.6

Ti Ka 4510.9 2.0

Cr Ko 5417 2.1

X-ray induced beam damage of a sample is a major concern with XPS analysis
and care should be taken to limit the amount of X-ray exposure on the sample.* To do
so, some XPS systems use a shutter to close off the direct line between the X-rays and
sample when spectra is not collected. Other systems have an automatic shut off that
turns the X-ray irradiation off at the end of XPS spectra collection. As an example, X-
ray induced beam damage is apparent in the XPS spectra, where it’s been shown as a
secondary peak in the N 1s spectrum of an ionic liquid.®

XPS can collect two types of spectra including a qualitative survey spectrum
over a large range of binding energies and a quantitative high-resolution spectrum of
specific elements collected over several eVs. An example survey spectrum of 1-ethyl-
3-methylimidazolium acetate, [Comim][Ace], collected at 8.9 x 10® Torr along with
the chemical structure are shown in Figure 1.2. In the survey spectra, there are four
elements present: C 1s, N 1s, O 1s, and F 1s. From the chemical structure, we can
confirm that the F 1s peak is a contamination on the surface. A few characteristics can
be noted in a survey spectrum. The first is the element that appears as a peak along
with a small peak a few eV away due to emitted photoelectrons with energy loss
(labelled energy loss). Also, at higher binding energy an O KLL Auger peak is seen.

An X-ray induced Auger peak occurs when an electron from a higher orbital fills the



hole formed from an emitted photoelectron. This transition causes the ejection of an

Auger electron.
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Figure 1.2: XPS survey spectrum of 1-ethyl-imidazoilium acetate collected at 8.9 x
10 Torr showing the peaks of C 1s, N 1s, O 1s, and F 1s.

After collecting a qualitative survey spectrum, high resolution spectra of all the
elements is collected. An example high resolution spectra of the C 1s for
[Comim][Ace] is shown in Figure 1.3. In this spectrum, there are three different
components present that are color coded to match the chemical structure. The binding
energy difference in the components is due to the electronic environment that each
carbon species experiences. The more oxidized carbon species will shift to the higher
binding energy (green), while the more reduced species (blue) will appear at lower

binding energy.
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Figure 1.3: High resolution C 1s spectrum of [Comim][Ace] collected at 8.9 x 108
Torr

Traditional XPS is performed under high vacuum conditions; however, there
has been a need to study more environmentally relevant systems. This desire led to the
develop of ambient pressure (AP) XPS, where up to Torr level gases are introduced
into the sample chamber while simultaneously collecting XPS spectrum. In doing so,
the components of the XPS system (X-rays and detector) still need to maintain high
vacuum conditions while the sample is placed in a high-pressure regime. AP-XPS is
now used in synchrotrons and laboratories around the world.

A diagram of an AP-XPS system is shown in Figure 1.4. The components
required to perform traditional XPS are still shown (x-ray source and detector) and
held under high vacuum conditions (~10° Torr). The sample is in a high-pressure
region, where various gases (H20, N2, Hz, Oz, etc) can be introduced up to Torr level.
The X-ray source is held under high vacuum with use of a window that is transparent
to X-rays and capable of holding a high vacuum on one side and high pressure on the
other. Typical window types include silicon nitrile, aluminum, and graphene.” The

emitted photoelectrons travel through a small space of gas before reaching the



aperture, in hopes to limit the amount of collisions of electrons with gas molecules.
Once reaching the aperture, these electrons are differential pumped up to the CCD

detector, which is under high vacuum.

Figure 1.4: Diagram showing AP-XPS analysis where sample is in a high pressure
zone (red) while the x-ray source and detector are still under high
vacuum with use of a window and small aperture, respectively.

AP-XPS systems are utilized in synchrotrons around the world. In the United
States, there are three synchrotron-based AP-XPS systems at the following facilities:
National Synchrotron Light Source (Brookhaven, NY), Advanced Light Source
(Berkeley, CA), and Stanford Synchrotron Radiation Light Source (Stanford, CA).
The main advantages to synchrotron AP-XPS systems is the high intensity flux and
tunable X-ray source.* With a tunable X-ray source, depth profiling of the substrate
can be done to show the different layers of the sample. The high intensity flux, which

is orders of magnitude higher than a lab-based system, is also very useful for



collecting shorter data acquisition times, where a spectrum can be collected much
faster than one using a lab-based system.? One must take care to watch for x-ray
damage of the sample with such high flux.

Today, lab-based AP-XPS are growing in demand. Lab-based AP-XPS
systems eliminate the need to apply for competitive beam time and travel. Although
data collection is longer, lab-based system can provide quantitative assessments of
surface gas interactions with different substrates. With a fixed x-ray source, lab-based
systems utilize the ability to tilt the sample or collect data in angular mode to obtain
depth profiling of the substrate. Lab-based systems have also collected data at a
maximum gas pressure of 25 Torr.® A comprehensive review of the advancements of
lab-based AP-XPS system has recently been published by our group.’

In this chapter, the details of our lab-based AP-XPS system are described. In
addition, the optimized distance between the sample and aperture is determined. In
addition, results from an attempt at angle-resolved AP-XPS with an ionic liquid and
water using the angular collection mode are provided. Finally, the effect of mass
spectrometer position on the AP-XPS system and recommendations for proper

position for optimal use is discussed. Some of this work has been recently published.®

1.2 Lab-based AP-XPS System

The lab-based AP-XPS system is a Scienta HIPP-2, shown in Figure 1.5. The
system uses eight oil free turbo pumps: one on the monochromator (X-ray source), one
on Stage 0, two on Stage 1, two on Stage 2, 1 on Stage 3, and one on Stage 4
(Hemisphere). The turbo pumps are back by two dry scroll pumps with a base pressure
of 1 x 10 Torr that are continuously purged with nitrogen. The gas line is plumbed

with a dry scroll pump that is continuously purged with nitrogen. Seven pressure



gauges are monitored on one controller include the gas line, a cold cathode on the high
pressure chamber, two ion gauges on the monochromator and Stage 3, two convection
enhanced thermal gauges to measure the forline pressures of the scroll pumps.
Absolute pressures > 107 Torr in the high pressure chamber are measured by a
capacitance manometer.

The sample sits in the high pressure zone at Stage 0. The sample sits
horizontally relative to the floor with allows the study of solid as well as liquid
samples. The sample can rotate ~ 30° relative to the sample normal with the most
sensitive angle of 50°. This is a custom built exchangeable chamber. It also has several
ports where different attachments (mass spectrometer, leak valves for gases, camera,
and sputter gun) can be used. The high pressure zone, which can operate up to 20 Torr
depending on the gas, is separated from the high vacuum X-ray source (base pressure
of 1 x 10 Torr) with use of a silicon nitride window (Norcada). This window is 1.0
pm thick which allows for a pressure differential > 1 atm to high vacuum.

The monochromatic X-ray source is a Scienta MX650 consisting of a 200 W
Al Ka anode and an X-ray monochromator with seven toroidal a-quartz crystals
arranged in a close-packed array on a 650 mm Rowland circle. The crystals are held at
55 °C to ensure temperature variations in the lab does not affect the quartz crystal
lattice spacing. X-ray exposure is minimized with use of a feedback loop incorporated
in the SES XPS collection software. At the end of collection, the software will trigger
the anode high voltage power supply to shut off while the electron source filament

remains on.
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Figure 1.5: Lab-based AP-XPS system showing key components as well as different
pumping stages from high pressure stage up to 4" pumping stage.

The analyzer (hemisphere) is equipped with nine interchangeable slits from 0.2
mm to 4 mm in the energy dispersive direction and operates at three pass energies: 50,
100, 200 eV. The MCP/CCD electron detector includes a 40 mm diameter MCP with
phosphor plates and 70 frames per second camera. The analyzer can operate in three
different collection modes: Angular, Transmission, and Acceleration. The angular
collection mode can be used to perform angle-resolved XPS without rotating the
sample. In this collection mode, the photoelectrons are emitted at different angles and
then refocused onto different spots on the CCD detector.® Transmission mode is the
spatially resolving mode and the standard lens mode. Acceleration mode applies a bias
right behind the first aperture in the first pumping stage which leads to higher electron

collection.
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1.3 Sample to Aperture Distance

Initial experiments were conducted on the lab-based AP-XPS system using Ag
foil (Alfa Aesar, 99.998%, 0.25 mm thick). Prior to analysis, the silver foil was
scraped with a black to exposure a fresh silver surface and eliminate any surface
contaminations. For this experiment, the Ag 3d (5/2) peak at 368.3 eV was
monitored.'® The data was fit using CasaXPS software. The silver 3d (5/2) was fit
using a Shirley background with no other constraints. Shown in Figure 1.6 is the high-
resolution Ag 3d (5/2) peak collected in acceleration mode along with a picture of the

Ag foil on the sample holder prior to analysis.
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Figure 1.6: High resolution Ag 3d collected in acceleration collection mode and
picture of sample on sample holder prior to pump down.

The sample holder is attached to a manipulator that can move in the x, y, and z
direction shown in Figure 1.7. X-rays (hv) penetrate the sample surface at a 55°

incidence and the aperture collects the emitted photoelectrons at 20° relative to the
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sample normal. This system is equipped with a monochromatic X-ray source from VG
Scienta (MX650) and it has been estimated that the X-ray irradiation spot size for this
source is 3.8 x 1.4 mm. Initial experiments of system on our system have shown that

the estimated electron capture spot size for this lab-based AP-XPS system is 0.9 £ 0.1

mm. A smaller spot size is expected due to the aperture and collection optics.

Figure 1.7: Sample analysis geometry indicating the X-ray illumination spot (brown)
and XPS analysis spot size (green). The z-axis is the energy axis of the
analyzer, d is the closest sample-to-aperture distance, and N is the sample
normal with the X-rays at 55° and analyzer at 20°

To determine the optimized position of the sample relative to the aperture,
experiments were conducted assessing the XPS intensity versus the sample-to-aperture
distance (d) defined in Figure 1.7. At the beginning of the experiment the Ag foil was

brought into contact with the aperture (d = 0), monitored using a camera mounted on
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the analysis chamber. Throughout the experiment d was increased by moving the
sample along the x-axis of the manipulator which moves along the spectrometer axis.
Each micrometer measurement along the x-axis was then converted to d = xcos (20°).
Figure 1.8 shows results of XPS peak area versus sample-to-aperture distance
for angular (red), transmission (green) and acceleration (blue) modes. Because of the
20° tilt, counts were observed while the sample is in contact with the aperture at d = 0.
For all three experiments XPS Ag 3d(5/2) areas are normalized to the maximum value
and then offset for clarity. As the sample is moved away from the aperture the
intensity initially increases, followed by a decrease as the sample moves away from
the analyzer focal position. The data were fit to a second order polynomial with R? >
0.992 for all fits. The derivative gives maxima located at 570, 570, and 560 pum for
angular, transmission and acceleration modes, respectively. These results show that all
three collection modes have similar optimized positions for the sample-to-aperture

distance.
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Figure 1.8: Normalized Ag 3d(5/2) area as a function of sample-to-aperture distance
(d) for all three analyzer modes under vacuum. The maximum area for
each mode is normalized to 1.0 and an offset of 0.3 is used for clarity.

This is an important measurement to obtain for all future experiments on our
lab-based AP-XPS system. When working with solid samples, user may gently touch
the aperture to the surface of the sample and then set distance to 560 um. For liquid
samples (ionic liquids), user can carefully approach the sample in the x direction about
50 um at a time while monitoring the area counts of one of the elements present in the
sample. When the area counts start to decrease, the user should retract the sample 5

pum and record the final area counts along with the x, y, and z coordinates.

1.4 Angle-Resolved XPS of an lonic Liquid
Obtaining depth profile data for samples using our system was attempted and
the results are shown below. With lab-based AP-XPS systems, depth profiling can be

obtained by collecting data in angular mode or rotating the sample manipulator and
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collecting XPS spectra in acceleration mode. Our sample manipulator has the ability to
rotate © ~ 30° relative to the sample normal with the most sensitive angle of 50°.
Figure 1.9 shows the three types of experimental set-ups performed in our lab-based
system to obtain angle resolved XPS data of water vapor at 0.8 Torr with an ionic
liquid, 1-butyl-3-methylimidaozlium acetate [Csmim][Ace]. The first attempt was
collecting spectra of [Camim][Ace] on a flat Au foil in the angular collection mode (a).
The second was collected the same sample in acceleration mode while manually tilting
the sample from 20° to 35° in increments of 5°(b). The last experiment was manually
bending the Au foil with the ionic liquid deposited on the bend leading to a collection

angle of 64° (most surface sensitive) while collecting spectra in acceleration mode.

Figure 1.9: Three types of experimental set-ups where spectra are collected in
angular mode (a), spectra are collected in acceleration mode while tilting
the sample (b) and spectra are collected in acceleration mode on a bent
foil while tilting the sample (c).

Angular collection mode allows one to collect angle resolved data without
tilting the sample. The two-dimensional detector of our AP-XPS instrument has an
angular resolved range of 14°.° Figure 1.10 shows the angle resolved XPS O 1s

spectrum collected of [Camim][Ace] in the presence of 0.8 Torr. An overlap of two
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different portions of the one spectrum (Slice 2 and Slice 1+3) shows a similar
structure. This shows that there is no noticeable difference of water interactions at the

surface sensitive angle and bulk angle in this collection mode.

éﬁ —— Slice 2
) ——Slice 1 +3

H ﬂl;f \\}

| i ?’J
! ‘ ;l} f@ﬁr X
IXJ%%W h‘ @‘( i

XPS Intensity (Arb. Units)

| . TR L R L T I R . S TR L B L . R R P A A |

543 541 539 537 535 533
Binding Energy (eV)

Figure 1.10: O 1s spectra at a water vapor pressure of 0.8 Torr using angular
collection mode.

The next experiment was collecting spectra of [Camim][Ace] in the presence of
0.8 Torr using acceleration mode, shown in Figure 1.11. To obtain angle resolved data
using acceleration collection mode, the sample manipulator needs to be tilted were a
larger angle will lead to a more sensitive spectrum while a smaller angle will lead to
deeper penetration into the sample and will produce a more bulk spectrum. Initially,
spectra were collected at the steepest angle of © = 35° (most surface sensitive). The

sample was rotated 5° less until the sample holder was “flat” at © = 20°. The inelastic
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mean free path (L) of electrons from the O 1s with a value of 3.0 nm has been
calculated using the NIST software.!! At a © = 20° rotation, the calculated probing
depth (3Acos(20)) is 8.5 nm. If the angle is then rotated to 35°, the calculated probing
depth is 7.4 nm. The image taken of the sample in the AP-XPS chamber shows the
sample position at all four angles, where the most surface sensitive angle is at © = 35°
and the least surface sensitive is at © = 20°. Also, it is noted that the © = 35° position
IS as surface sensitive as one can obtain with a flat gold foil. Any more rotation would
lead to the aperture hitting the IL droplet or sample holder. Also note, rotating the
sample © > 20° would lead to the other side of the sample holder (right) hitting the x-
ray window. Due to both of these reasons, the only experimental angles that can be

tested for an ionic liquid sample in acceleration mode is between © = 20° and 35°.

Figure 1.11: Pictures taken of sample while changing the collection angle in
acceleration collection mode. The key components ratios at each angle
are also shown.
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Peak area ratios between different elements were also calculated in order to see
if one element was more prevalent at the surface (i.e. more concentrated at the steeper
angles). Results of these calculations for the enhancement of water (Ow: Oac) and
aliphatic carbon (Caiyi:Crot) are also shown in Figure 1.11. As the angle is increased
from © = 20° to 35° in increments of 5° the Ow:Oxc ratio is the following: 1.02, 1.03,
0.93, 0.97. At each angle, the ratio is relative unchanged, which means there is no
enhancement of water at the most surface sensitive angle of © = 35°. In a similar
manner, the Caikyi:Crot ratio from © = 20° to 35° in increments of 5° is the following:
0.42,0.41, 0.40, and 0.40. This also says there is no enhancement in the aliphatic
carbon chain when angled at © = 35°.

A qualitative assessment of water enhancement is shown in an overlay of the
XPS spectra at © = 20° (orange) and © = 35° (blue) for O 1s (a), C 1s (b), and N 1s (c)
at 0.8 Torr in Figure 1.12. In the O 1s spectra, the first peak at lower BE of 530.5 eV is
the Oac component while the second peak at 532.5 is the Ow component. Increasing
the angle does not lead to a visible enhancement of the Ow peak. In the C 1s spectrum
(b), the aliphatic carbon chain (Caiy) is seen at 285 eV. An overlap of these two
spectra shows no change or Cay enhancement. Finally, an overlap of the Nring

component also does not show any enhancement.
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Figure 1.12: AP-XPS spectra for O 1s (a), C 1s (b), and N 1s (c) at 1.0 Torr of water
vapor and two angles: © = 20° (orange) and 35° (blue).

It is not surprisingly that there is no enhancement of water or aliphatic carbon
at a © = 35° collection versus a © = 20° collection. AR-XPS experiments are usually
done at grazing angle (6 > 70°) and normal emission angle (6 = 0°) In most angle
resolved studies of ionic liquids, the angle comparison is © = 0° to 80°.12 Using our
equation for probing depth, an angle of 0° will give a probing depth of 9 nm while © =
80° has a probing depth of 1.5 nm. As one can see, comparing these two angles, leads
to major differences in probing depth. On the other hand, the two extreme angles in
this study (6 = 20° and 35°) only have a probing depth difference of 1.1 nm.

In order to obtain a more surface sensitive angle within our AP-XPS chamber,
the [Casmim][Ace] droplet was deposited on a folded Au foil. This deposition was
placed as a very thin film at the top of the tilted foil and added to the foil all the way
down to the crease. In doing so, the whole area of the Au foil that is folded up is
covered with a thin film of IL. It is expected that overtime, some of that IL droplet will
drip down the film (due to gravity) leaving a large amount of the droplet at the crease.

Our hope was that depositing across the whole folded section of the Au foil would
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allow some IL to remain at the tip of the Au foil, allowing for a more surface sensitive
XPS analysis.

The folded Au foil on the sample holder is shown in Figure 1.13. The black
lines represent a 90° angle between the sample holder surface and the crease of the Au
foil. In addition, the first red dashed line represents a © = 20° angle from the 90° black
line of at the crease. To determine the angle obtained by bending the Au foil, a line
was drawn from the crease and the top of the Au foil, represented by the second red
dashed line. At this point, the angle was determined to be © = 36°. Finally, the image
shows that the Au foil from the sample holder as an angle of © = 34°. By visibly
determining these angles, the collection angle for angle-resolved XPS was calculated

to be © ~ 56° (20° + 36°).

Figure 1.13: Experimental set-up of bent foil on sample holding, showing the
capability to collect angle resolved XPS data at © ~ 56°.
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Images of the sample within the AP-XPS chamber are shown in Figure 1.14. In
the first image (a), one can see the position of the aperture to the IL sample, showing
that the aperture is positioned at the top of the folded Au foil that has a thin layer of
IL. Also in this image, one can see a collection of IL at the crease of the Au foil.
While this was expected, XPS analysis could show that a thin layer of IL was still
present at the top of the Au foil. In addition, the survey spectrum did not show Au at
this sampling position, furthering confirming the thin layer of IL that remained. The
second image (b) was captured through a window attached on the chamber to show the
x-ray window. In this image, one can see the silicon window that the x-rays penetrate

through as well as the aperture position at the tip of the folded Au foil.

Figure 1.14: Images of the sampling position in the AP-XPS chamber where the
aperture is position at the tip of the Au foil at a collection angle of © =
56° (a) and the same collection position captured through a window on
the AP-XPS chamber (b).

Once 0.8 Torr of water vapor was introduced into the chamber, the O 1s and C

1s specta were collected. Then, the sample holder was tilted an additional © = 8°, so
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the Au foil was closer to the aperture leading to a more sensitive angle collection of ©
=64 °. Similarly, the C 1s and O 1s spectra were collected at this angle. A summary of
the ratios of Ow:Oac and Caikyi:Crot Species in the presence of 0.8 Torr water vapor is
shown in Table 1.4.1. The initial experiment of a flat Au foil at © = 35 ° is also present
to compare to the other two surface sensitive angles of © = 56° and 64 ° obtained by
using a bent foil.

As one can see, there is relative no change in the ratio of Caiyi:Crot at all three
collection angles of © = 35°, 56 °, and 64 °. This may be due to a small (or relatively
no) clustering of the aliphatic carbon species of the imidazolium chain at 0.8 Torr.
This shows that the largest collection angle at 64 ° is not surface sensitive enough to
show clustering of the carbon species. However, when comparing the ratio of Ow:Oac,
one can see a slight change in the ratio when the collection angle is changed from © =
35 °© to the more surface sensitive angle of © = 56 °, where the ratio changes from 0.97
to 0.84, indicating slightly less water on the surface. By changing the collection angle
from © =56 ° to 64 ©, the Ow:OAxc ratio remains relatively unchanged with ratios of
0.84 and 0.82, respectively. This shows that a much more surface sensitive collection
angle (e.g. 80 °) is needed to confirm whether water is enhancement within the first

few nanometers of the interface.

Table 1.2: Ratios of IL Species at Different Collection Angles in the Presence of 0.8

Torr
Au Foil Collection Angle (°) | Ow:Oac Calky:Crot
Flat 35 0.97 0.40
Bent 56 0.84 0.41
Bent 64 0.82 0.43
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In addition, XPS spectra of the O 1s (a), C 1s (b), and N 1s (c) species at the
standard collection angle of © = 20 ° (orange) and the most surface sensitive angle of
64 ° (blue) of [Camim][Ace] in the presence of 0.8 Torr of water vapor are shown in
Figure 1.15. The overlap of these two spectra does not show any noticeable change in
any of the species. This qualitative assessment further confirms that a more surface
sensitive collection angle may be necessary to see any species enhancements of ionic

liquids in the presence of water.
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Figure 1.15: XPS spectrum comparing data collected at © = 20° (orange) and © = 64°
for O 1s (a), C 1s (b), and N 1s (c).

While we have yet to establish an experimental set-up necessary to conduct
surface sensitive studies via our lab-based AP-XPS system, we do believe it is
necessary to conduct these studies to confirm the position of water and aliphatic
carbon within the interfacial region that we currently probe (~ 8 nm). In order to
confirm the position of these species within the interfacial region, one could conduct a

depth profile experiment using an AP-XPS system at a synchrotron facility. As
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discussed in the introduction, these systems can vary the X-ray energy, ultimately
changing the probing depth. In doing so, a high X-ray energy will probe deeper into
the sample while a lower X-ray energy will probe at the outmost interface. By
changing the X-ray energy, a depth profile from one nanometer up to several
nanometers could be created and would show a complete picture of where each
species resides within our probing depth. By comparing the ratio of species like
conducted with our instrument, one would be able to determine if the Ow and Caixy
species within the IL are enhanced within the first few nanometers of the interface.
One thing to note is that AP-XPS systems at synchrotron facilities have samples that
are completely vertical, which could lead to the IL dripping off of the substrate. One
could attempt to fold the bottom edge of the Au foil in attempts to catch the dripping

IL and conduct the experiment on the remaining IL on the middle of the foil.

1.5 Mass Spectrometer on Different Stages

An e-Vision quadrupole mass spectrometer (QMS) is used in various
experiments to monitor gas phase products as well as background gases present within
our AP-XPS chamber. This QMS can measure m/z from 1-100 amu with a maximum
operating pressure of 7.6x107° Torr. Most AP-XPS experiments performed in the
chamber operate up to Torr level gases well above the maximum pressure of the QMS.
For this reason, the position of the QMS on the AP-XPS chamber was assessed in the
presence of water vapor, due to it being the most common gas used in our studies.

A schematic of the different pumping stages in the lab-based AP-XPS system
is shown in Figure 1.16. The lab-based system has 5 different stages. The system is
differentially pumped with turbo pumps, where Stage 1 uses two pumps, Stage 2 uses

two pumps, Stage 3 uses 1 pump, and Stage 4 uses 1 pump. This technique of

24



differential pumping allows Torr level gas exposure in Stage 0, while still maintaining
high vacuum in Stage 4. The sample is exposed to Torr level gases in the high pressure
stage or Stage 0. Once the emitted photoelectrons enter the next stage (Stage 1), they
are differential pumped through the stages until they reach the hemisphere under high
vacuum of 1x10°8 Torr at Stage 4. The pressure changes in orders of magnitude with
each stage, so while Stage 0 is exposed to 20 Torr of N> gas, Stage 3 only experiences
8x107 Torr.2® In addition, the largest pumping load is experienced at Stage 1, due to it

being the stage immediately following the high gas exposure.

4% pumping stage
Position 3 pumping stage
#2 mmp H 274 pumping stage
1# pumping stage
High Pressure Stage (0)
41 w Sample Holder

Figure 1.16: Schematic of the different pumping stages of our lab-based AP-XPS
system and the two M/S positions explored.

In this experiment, we tested the mass spectrometer position in the present of
water vapor up to 5.0 Torr at two different pumping stages: Stage 0 (Position #1) and
Stage 2 (Position #2). The water vapor (m/z=18) was monitored as a function of

increasing pressure from high vacuum of 1078 Torr up to 5.0 Torr. The mass spectrum
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collected 5 scans with an accuracy of 3 and a m/z range of 0 — 50 amu at each water
vapor pressure. The chamber temperature was 21 °C.

The mass spectrometer plumbed to Position #1 was explored and the
experimental results are shown in Figure 1.17. There is a small increase in the M/S
response pressure from water vapor pressure exposure of 3.8 x 108 to 1.0 x 10 Torr.
At a water vapor pressure of 1.0 x 10 ® Torr, the M/S response pressure (orange)
drastically increases to 3.5 x 10™ Torr. When 1.0 x 10 Torr of water vapor is present,

the M/S response (red) reaches its maximum response of 8.7 x 10 Torr.

9.0E-5 -
§ 0E.5 —1.00E-04
1.00E-05
o TOES —1.00E-06
é 6.0E-5 - —1.00E-07
N’
@ 5.0E-5 - —3.80E-08
=
S 4.0E-5 |
=9
2 30E-5
=
2.0E-5 -
1.0E-5 A
0.0E+0
15 16 17 18 19 20
m/z

Figure 1.17: Mass spectrometer signal as a function of water vapor exposure while
mass spectrometer is on Stage 0.

The M/S response was further analysis from a plot of M/S pressure vs. water
vapor pressure present in Stage 0 shown in Figure 1.18. At water vapor pressures < 1.0

x10° Torr, the M/S pressure response change is relatively small. At water vapor
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pressures > 1.0 x 10 Torr, the mass spectrometer response drastically increases

linearly until it reaches its maximum response.
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Figure 1.18: The mass spectrometer pressure at Position #1 as a function of water
vapor pressure at Stage 0.

The mass spectrometer was then removed from Stage 0 and plumbed to
Position #2 on the 2"! pumping stage. The initial M/S response was monitored at
larger water vapor pressures starting at 0.8 Torr. The M/S spectra collected from water
vapor pressures of 0.8 to 5.0 Torr is shown in Figure 1.19. The maximum exposure of
5.0 Torr was chosen due to it being the maximum water vapor pressure most samples
are exposed to within our chamber. At the initial water vapor of 0.8 Torr, the pressure
of the mass spectrometer at m/z = 17.94 is 2.89 x 10~ Torr. The mass spectrometer
pressure continues to increase, with the maximum pressure observed by the mass

spectrometer of 2.64 x 10 Torr when there is 5.0 Torr of water vapor in Stage 0.
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Figure 1.19: Mass spectrometer signal as a function of water vapor exposure while
mass spectrometer is on Stage 2.

The mass spectrometer pressure at m/z = 17.94 as a function of water vapor
pressure present in Stage 0 is shown in Figure 1.20. There is a linear relationship
between the mass spectrometer pressure at Stage 2 and the water vapor pressure at
Stage 0, with R? = 0.9967. While the mass spectrometer pressure is increasing, it is an

order of magnitude below the maximum operating pressure of the QMS.
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Figure 1.20: The mass spectrometer pressure at Position #2 as a function of water
vapor pressure at Stage 0.
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The position of the mass spectrometer on the lab-based AP-XPS system is
critical. The mass spectrometer can not operate on Stage O at water vapor pressures >
5x107 Torr due to the MS signal flooding. However, when the mass spectrometer is
placed on Stage 2, it can safely operate up to a water vapor pressure of 5.0 Torr. The
mass spectrometer pressure and water vapor pressure have a linear relationship. The
effect of other gases, including oxygen and nitrogen, on the mass spectrometer

pressure will also need to be tested prior to any high pressure experiments.

29



Chapter 2

WATER AT IONIC LIQUID INTERFACES
2.1 Water at lonic Liquid Interfaces

2.1.1 Introduction

With tunable properties, ionic liquids (ILs) are sparking interest in a variety of
fields including catalysis, gas separation, and electrochemistry. Hydrophilicity in ILs
has been heavily studied and experiments have emphasized that even the most
hydrophobic ILs will absorb small amounts of water over time. For this reason, water
is viewed as an impurity that can affect IL bulk physical properties including density,
viscosity, conductivity, and gas absorption.

The density and viscosity of ionic liquid has been shown to decrease as the
water mole fraction increases from 0 to 0.1 for both hydrophilic and hydrophobic ionic
liquids.** On the contrary, ionic conductivity increases with increasing water mole
fraction.'® Water also affects surface properties including surface tension and gas
absorption through an interface for CO.. The surface tension of acetate imidazolium
ionic liquids of various chain lengths (n = 2 - 6) has been shown to increase with
increasing water mole fraction.® In large quantities, water has been shown to decrease
the CO; capacity in hydrophilic ILs.Y’

Understanding ionic liquid interfaces is important for tailoring ionic liquid
with specific properties. There are three interfaces (or phases in contact with the

interfacial layer) of interest, shown in Figure 2.1) for IL-water systems: vacuum-IL,
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gas-IL, and solid-IL. Due to ionic liquid low vapor pressures, the vacuum-IL interface
is the most studied, both experimentally and theoretically, with emphasize on
imidazolium ILs.!® Few experimental studies have look at the IL-vacuum interface for
IL-water mixtures due to the high vapor pressure of water and water loss from the
sample over time. On the other hand, most theoretical studies heavily emphasize this
interface due water condensing within the ionic liquid. The IL-gas interface is of
importance for ILs as potential gas absorbent of CO, from flue gas. At this interface,
there are no theoretical studies due to water condensing within the interfacial layer.
The IL-solid interface has been studied experimentally at mica, gold, and silica
interfaces and one theoretical study at an electrified gold interface. The IL structure is
significantly impacted when an electric potential is applied to the interface which has

significant implications in electrochemistry and electrocatalysis

(@) (b) (©)
Vacuum Gas Ionic Liquid
IL—Va'culun IL-F;as IL-Solid
Interface Interface Interface
Tonic Liquid Tonic Liquid Solid

Figure 2.1: Three different interfaces of interest including ionic liquid -vacuum (a),
ionic liquid-gas (b), and ionic liquid-solid (c).

This section will focus heavily on three interfaces (vacuum, gas, solid) and
waters effect on the ionic liquid structure at these interfaces. There are a few

reviews®23 and books!® that have focused on the interaction between ILs and water
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emphasizing the importance of computational studies??, solute-solvent interactions,®2
and water induced changes in surface structure?®? The goal of this Chapter is to give
an up to date overview of the surface sensitive analytical techniques and theoretical
studies utilized to probe the IL-vacuum, IL-gas and IL-solid interfaces in the presence
of water. The focus herein will be on the use of microscopy, spectroscopy, mass
spectrometry and scattering techniques (Table 2.1), as well as molecular dynamic
simulations (Table 2.2). As will be shown in this section, some published experiments
are performed by depositing water onto a frozen IL at the start of experiments, while
others perform studies with the IL remaining a liquid throughout the entire
experiment. We will refer to the former condition as water “adsorption” onto a solid
surface. In some cases, water is found to be enhanced at the IL interface while itisin a
liquid state. Interestingly, this suggests that water can act as a surfactant in an IL, but
we will refrain from the use of the term “adsorbed” water as a point of clarity when
the system is completely liquid, using instead water “uptake” at the interface when the

system is fully liquid.

2.1.2 lonic Liquid-Vacuum Interface

The low vapor pressures of ILs make them amenable to probing by vacuum
based surface spectroscopy techniques. As shown in Table 2.1, techniques that have
been utilized to examine the IL-vacuum interface include Neutral impact collision ion
scattering spectroscopy (NICISS) ?42°, ultra-high vacuum X-ray photoelectron
spectroscopy (UHV XPS)® and line of sight mass spectroscopy (LOSMS).26 All three
of these surface techniques are traditionally vacuum based given the inbound probes
aimed at the sample (ions for NICISS) and outbound probes coming off the sample

(ions for LOSMS, electrons for XPS and neutrals for NICISS) are significantly
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scattered in the presence of a gas phase. Experiments performed with these techniques
were done at pressures of 150 uTorr or lower.

Neutral impact collision ion scattering spectroscopy (NICISS) is a low energy
scattering vacuum-based technique. Experiments were performed by introducing an
IL-water mixture into the sample chamber. Water evaporated as a function of time
from the IL-water mixture while the interface was probed in a background of water
vapor. This technique provides atomic information for these mixtures and a probing
depth up to 20 nm with a resolution of a few tenths of a nm near the surface.?®> NICISS
allows for the examination of the IL interfacial atoms as a function of depth into the
sample. However, IL-water mixtures are difficult to probe due to the rapid desorption
of water during measurements and signal loss due to water vapor collisions with the
He+ ions above the sample. There have been two studies that have investigated the
surface structure of hydrophilic [HMIM][CI]-water mixtures at low?® and high?* water
mole fractions (xw) in the range of 0.0025 to 0.71.

In the first study, Reichelt et al.?* investigated [HMIM][CI]-water X, from 0.43
to 0.71. Depth profiles of the carbon, oxygen, and chlorine could show that when
water is added to the ionic liquid, a distinct layering at the surface occurs where the
cation, depicted from the carbon depth profile, remains at the outmost layer and the
water, the oxygen depth profile, adsorbs at the inner layer. The presence of water gives
rise to a migration of the anion, represented by the chlorine depth profile, deeper into
the bulk. As the water concentration increases, the cation remains unchanged at the
outmost surface while the anion shifts deeper into the bulk. As the anion shifts (~ 1

nm) closer to the bulk as a function of increasing water concentration, there is a
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surface enhancement of the imidazolium cation (~ 0.4 nm) and water (~ 0.7 nm)
relative to the bulk beyond 35 nm.

In the second NICISS study, Ridings et al?® also investigated the same IL-
water mixture at lower water concentrations concluding the cation shows a strong
presence at the surface while the anion is closer to the bulk. Similar to the previous
study by Reichelt and collegues?, it was concluded that water influences the
composition and charge distribution at the ionic liquid-vacuum interface. However,
the concentration profiles of the anion and cation showed different trends. The
chloride anion is enhanced at the surface at larger water concentrations while the
imidazolium cation is closer to the bulk. This trend was attributed to a stronger
interaction between the cation and anion at xw < 0.025.

X-ray photoelectron spectroscopy (XPS) is a surface sensitive vacuum-based
spectroscopy that has been used to investigate the surface structure of ionic liquid at
the IL-vacuum interface.?® X-ray photons (Al or Mg Ka) are used to probe the surface
while chemical and elemental information about the sample surface is obtained.?” This
technique provides an atomic level picture of the surface with a probing depth of 10
nm. On the contrary, IL-H>O mixtures are relatively difficult to study due to rapid
desorption of water into the vacuum and X-ray induced damage at the surface of ionic
liquid has been reported after long X-ray exposure times.?

Only one XPS study has investigated water at the ionic liquid surface.® In this
experiment, the probing depth was calculated to be 10 nm. To prepare the sample
surface, multilayers of water were adsorbed on the surface of a solid ionic liquid,
[OMIM][BF4] at 175K, using a capillary doser. The obtained UHV XPS survey

spectra before and after dosing was able to show a large O 1s peak due to water
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adsorption after dosing. The high resolution F 1s, N 1s, C 1s, and B 1s spectra showed
damping of all peaks which was further evidence that there was an over layer of water
on top of [OMIM][BF4] after dosing. The sample was then heated which led to the
desorption of water from the ionic liquid surface, and XPS spectra was recorded over
at temperature range of 175-300K. By monitoring the decrease in O 1s intensity and
assuming first order desorption kinetics, the heat of adsorption of water onto
[OMIM][BF4] was estimated to be 76 kJ mol-1. Additionally, the N 1s spectra
showed the growth of a second peak at lower binding energy which is attributed to X-
ray induced damage of the [OMIM] imidazolium ring.

There has also only been on study using Line of Sight Mass Spectroscopy
(LOSMS) to examine water at the IL-vacuum interface. LOSMS is an analytical
technique that provides mass to charge ratio of different ionized fragments at rapid
speeds. In this technique, only species that are ionized on the surface are detected
while all other gases are pumped away with a cyropump. One disadvantage to this
method is that it does not provide structural information at the surface and is not
suitable for non-volatile samples. For ionic liquids, it has been used to measure the
surface kinetics by sticking probability (S) and it has been coupled with temperature
programmed desorption (TPD) experiments to determine adsorption enthalpies of
water into the ionic liquid at the IL-gas interface as well as the ionic liquid underlayer.

Using LOSMS coupled with TPD, the desorption of water from the ionic
liquid surface was investigated. The sticking probability measurements were carried
out by monitoring the [OH]" fragment while adjusting the sample temperature from
113 to 295K or water vapor pressure above the solid IL. For the TPD experiments,

solid [HMIM][BF4] was dosed with water vapor at 100K. The sample was then heated
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while monitoring the mass to charge ratio of the [OH]* fragment. The results were
analyzed to generate a potential energy diagram of enthalpy versus distance from the
IL-gas interface for [HMIM][BF4]. The TPD experiments determined the
physisorption energy of water from the solid ionic liquid surface to be 41 kJ mol™.
The graph also shows the enthalpy of adsorption of water (34 kJ mol?) into the bulk as
previous determined with TPD XPS. These results ultimately show that water prefers
to reside in the ionic underlayer while the imidazolium alkyl chain is at the IL-vacuum

interface.

2.1.3 lonic Liquid-Gas Interface

The influence of water at the IL-gas interface has been predominantly
investigated by Sum Frequency Generation (SFG) 283, with additional studies
utilizing X-ray Reflectivity (XR)%, Neutron Reflectometry (NR), Flowing Jet Sheet
Beam (FJSB) and Ambient Pressure XPS (AP-XPS)*. In ambient air, water vapor is
present at Torr level pressures. For these IL-gas studies the total pressures ranged from
5 Torr (AP-XPS) up to atmospheric pressure (SFG, XR, NR). In some cases the IL
was exposed to pure gas phase water within a vacuum chamber (SFG, AP-XPS,
FJSB), or IL mixtures with liquid water were examined in lab air or N2 (SFG, XR,
NR).

Sum Frequency Generation (SFG) is a surface sensitive, nonlinear vibrational
spectroscopy technique. This technique uses two beams (visible laser at a fixed
frequency and variable infrared laser) that overlap at the interface to generate a third
beam that is the sum of the two incident beams.?” SFG detects the molecular vibrations
of molecules at the interface.?” One of the main advantages of SFG is the ability to

probe surfaces in-situ with gases and liquids. To date, SFG has been the most common
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technique used for studying IL-gas interfaces (see Table 2.1).28-3° One major
disadvantage to these studies is that it only probes the top layer of the surface, so the
interaction between the anion and water is not revealed. A variety of imidazolium ILs
have been studied with different alkyl chain lengths and anions, shown in Table 2.1. A
common observation was the effect of water on the cation orientation for hydrophilic
and hydrophobic ionic liquids.

One of the first SFG studies of IL-water at the IL-gas interface was
investigated by Rivera et al.?® In this study, the cation orientation for hydrophilic,
[Camim][BF4], and hydrophobic, [Csmim][imide], was investigated in the presence of
water vapor at 5x107° and 20 Torr. Using SFG, spectra of ssp polarization was
generated for both ionic liquids, [Csmim][imide] and [Csmim][BF4], at the two water
vapor pressures. For both the hydrophobic and hydrophilic ionic liquid the SFG
spectra show notable features of aliphatic C-H modes of a butyl chain indicating the
imidazolium ring is parallel to the surface plane. When the water vapor is increased to
20 Torr, the spectra for the hydrophilic [Csmim][BF4] does not change indicating no
orientation change from the addition of water. However, the hydrophobic ionic liquid,
[Camim][imide], shows two new distinct vibrations assigned to the anti-symmetric and
symmetric stretch of the H-C(4)C(5)-H within the imidazolium ring. It is suggested
that the cation reorients for hydrophobic ILs to help solvate the water molecules.

X-ray reflectivity (XR) is a surface sensitive technique used to characterize the
composition of rough surfaces and interface structures. This technique uses x-rays to
probe a surface and detects the change in electron density. It is a powerful method to
investigate liquid surfaces on the tens of nanometers scale with sub-nanometer

resolution. However, XR does have a loss of phase information (which can lead to
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data misinterpretations), so it should be complimented with simulations to reach
conclusions about the X-ray reflectivity curves.*

Lauw et al. used XR to study the IL-gas interface of [Bmpyr][Tf.N]-water
mixtures in a N2 environment. The surface structure was probed up to 8 nm and X-ray
scattering length density (SLD) profiles were generated. The SLD profile shows that
in the presence of water, the interface consists of an outer layer composed of the
cation alkyl chain pointing towards the gas phase (region A) with the underlying
imidazolium ring cation interacting with water (region B). Underneath are anions
followed by a mixture of cations, anions and water (region C) which extends into the
bulk. A snapshot of the ionic liquid and water from an MD simulation of the SLD
profile was able confirm the three different regions of the interface. The MD snapshot
further confirmed a clear interfacial enhancement of water in region B.

Neutron reflectometry (NR) is a neutron diffraction technique that shines a
beam of neutrons onto a flat surface and measures the intensity of the reflected beam.
Advantages to using neutrons over x-rays is that neutron scattering amplitudes vary
randomly between elements and it is sensitive to lighter elements.®® This technique is
also non-destructive. One disadvantage when studying ionic liquid-water systems, is
that surface contamination is a concern for water studies since it leads to a rise in
incoherent background during a typical experiment. At the ionic liquid- gas interface,
NR has been utilized once to study [Csmim][Br] and water at various water
concentrations.*® The results suggests a change in the surface structure where a
depletion of the [Csmim][Br] is seen at critical micelle concentrations (cmc) greater

than 0.15+0.05 mol dm,
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Flowing Jet Sheet Beam (FJSB) King and Wells (K-W) method has been used
to study [BMIN][Tf.N] and water.*! In this type of experiment, a FISB of
[BMIN][Tf2N] is generated in a vacuum. A pulsed beam of D,O is exposed to the IL
chamber and the dissolution analysis is measured by a quadrupole mass spectrometer
(QMS). FISB K-W method has been used to study [BMIN][Tf.N] and water has a
function of temperature and collision energy to determine energetics. Figure 6 shows
the initial dissolution probability (S) as a function of temperature and collision energy.
The dissolution probability decreases as a function of increasing pressure and the
initial dissolution decreases with increasing collision energy. For the first time,
energetics (AH and AS) were extracted from a plot of the dissolution probability vs
1/T and determined to be AH = -53 + 8 kJ mol™* and AS =-210 + 30 J molt K14

Ambient Pressure XPS (AP-XPS) has been used to study the IL-gas interface.
This technique has the same advantages as XPS along with the ability to investigate
the IL water interaction at more environmental relevant conditions. AP-XPS provides
information at the top few nanometers of the IL-gas interface and information about
the electronic environment. AP-XPS provides elemental information about core-shell
electrons as well as elemental changes from binding energy shifts. The interaction of
water vapor with [Csmim][Ace] was recently investigated and will be discussed in

Section 2.2.

2.1.4 lonic Liquid-Solid Interface

The influence of water at the IL-solid interface has been investigated using
Atomic Force Microscopy (AFM) 4249 and Surface Enhanced Infrared Absorption
Spectroscopy (SEIRAS) *°. AFM studies of ionic liquids and water are typically

performed in lab air, allowing experimental conditions of ionic liquid studies to
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include vapor or liquid phase water. AFM has been used to study the effect on water at
different IL-solid interfaces including mica, silica, and Au electrode, see Table 1.
Most AFM studies have focused on the IL-mica interface.2444-4¢ SEIRAS, a
vibrational spectroscopy, has been used to investigate the IL-Au electrode interface in
vacuum and water-saturated argon gas.>

Atomic Force Microscopy (AFM) is a type of scanning force microscopy
(SFM) that measures the force between a sharp tip and the sample surface to obtain
topographic information about the sample. It operates in two modes: constant force
(sample is adjusted vertical during measurements) or constant height (sample position
is constant and cantilever tip deflection is recorded). AFM is highly sensitive with the
ability to probe single atoms. This technique is not quantitative or destructive. It is
typically performed in lab air, allowing experimental conditions of ionic liquid studies
to include vapor or liquid phase water.

AFM has been used to study the effect on water at different IL-solid interfaces
including mica, silica, and Au electrode, see Table 1. Most AFM studies have focused
on the IL-mica interface.*>#44% The interface of [Csmim][EtSO4]-mica was studied in
dry (< 5% RH) and wet (~45%RH) conditions.* The generated force isotherms were
collected with a sharp silicon tip at the IL-solid interface. The dry sample (< 5% RH)
showed two film thickness transitions with an average size of A~ 0.7 nm and A ~ 1.1
nm due to mixed layer (composed of cation and anion) and single cation, respectively.
In the dry sample, the cation layer (A ~ 1.1 nm) was closest to the solid mica surface.
When the sample is wet (RH ~ 45%), an additional film-thickness transition appears
with an average size of A ~0.31 nm closest to the mica solid surface, followed by a

transition of A ~1.1 nm and A ~0.75 nm. The first transition (size A ~0.31 nm) is
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attributed to a monolayer of water closet at the IL-solid interface. Interestingly, a
slight expansion (A ~0.05 nm) is noted in the third film-thickness transition of 0.75
nm, which is due to some water interacting with the [EtSO4] anions. This study gave
insight to the effect of water at solid-IL interfaces and the precaution needed when
collecting AFM measurements of ionic liquid interfaces in open lab air.

Surface enhanced infrared absorption spectroscopy (SEIRAS) is a vibrational
spectroscopy used to probe electrode surfaces.> In this technique, IR photons are used
to probe the surface and provides vibrational information. The spectral resolution is 4
cm™. SEIRAS operates under vacuum conditions and is nondestructive. It has been
used to successfully probe the vicinity of an electrode surface within the top 5 nm.>?
Although this technique has been used study the IL-solid interface for multiple
systems>3, there has only been one SEIRAS publication of gas phase water at the IL-
solid interface.>

SEIRAS has been used to investigate the IL-Au electrode interface in vacuum
and water-saturated argon gas.*® The humid environment contained water at 700 ppm.
The study monitored changes in the C-F vibration (describes the anion) and O-H
vibration (water) when the sample was dry and under humid conditions with potentials
from - 0.5 V to + 0.9 V. The data obtained suggested that water condensation is
potential dependent and interacts stronger with the anion than cation. Water
condensation was also significant at higher potentials, due to anions being more
abundant at the Au electrode interface. Although this is the only publication to date
utilizing SEIRAS to study the IL-solid interface, this study explored the potential-
dependent structure at the IL-solid interface and observed water condensation on a

positively charge gold electrode for the first time.
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2.1.5 Molecular Dynamic Simulation Studies of IL Interfaces

Molecular Dynamic (MD) simulation studies have been utilized to study the
IL-vacuum and IL-solid interface in the presence of water. In studies of the IL-vacuum
interface, an IL is surrounded by a vacuum component and usually the water is
introduced as water vapor which ends up predominantly within the condensed phase
IL throughout the simulations. The IL-vacuum interface has been studied under
different environments including water, water and CO>, and flue gas that consists of
water, N2, CO2, and O.. MD studies that examine the influence of water on the IL-
solid interface are scarce (see Table 2.2).

The IL-vacuum interface in the presence of water has been studied on
hydrophilic®*®" and hydrophobic®® ILs. The IL-vacuum interface was studied for a
two phase system containing 368 IL pairs of [Csamim][NTf2] in the liquid phase and 96
water vapor molecules using MD. * The simulation ran for 12 ns at 350 K. Three
different density profiles consisting of the anion, cation, and water molecules, carbon
atoms of the alkyl chain and water, and anion atoms and water were generated and
compared. In the density profile of the anion, cation, and water, the water molecules
dissolved in the interior of the slab, showing a phase change from vapor to condensed
water. The density profile of the carbon atoms of the alkyl chain and water show the
alkyl chain populated at the IL-vacuum interface with the water molecules at the
interior layer of the ionic liquid. In the last density profile of the anion atoms and
water, a small water peak is seen just below the density of the oxygen on the anion.
This indicates a stronger interaction between the anion and water due to the negatively
charged oxygen species on the acetate anion. A comparison of all three density
profiles concluded that water avoids the outermost interfacial region that is populated

with the imidazolium alkyl chain and rather presides in the underlayer at the interface
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that consists of the anion. This location preference is due to strong hydrogen bonding
between water and the negatively charged oxygen atoms of the [NTf2]" anion.

The IL-vacuum interface has also been studied in the presence of CO»% and
flue gas containing CO2, H20, N2, and 0,.%°%! Piperazinium ionic liquids have been
studied in the presence of flue gas.®® The simulation cell contained 125 ionic liquid
pairs, 20 CO2, molecules, 20 H.O molecules, 10 O, molecules, and 150 N2 molecules
with a production run of 10 ns at 350K. At the end of the simulation, density profiles
and occupancy profiles of the IL-flue gas system were generated. The density profiles
for all three ILs, [MP][LA], [MP][PR], and [EP][LA], show similar results. The CO-
molecules are absorbed at the interface while the H.O molecules cross the interface
~0.4-0.5 nm below the CO> layer. The N2 shows small affinity to adsorb at the surface,
but has a weaker affinity than the CO2 molecules. The O2 does not show any affinity
for the IL surface. Similarly, the occupancy profile also shows the affinity of the
molecules at the IL surface, where H2O residues at the interlayer below the surface
and CO> absorbs at the surface. This study obtained results about the interfacial
behavior of gas molecules (CO2 and H20) at the IL-vacuum interface that are
important for understanding the mechanism of CO2 capture in environmental
conditions where other gases are present. Understanding these gas interactions is
highly important if CO> will be used has an alternative for flue gas treatment.

MD has also been utilized to explore waters effect at the IL-solid interface.®? In
this study, the mixture of IL and water was enclosed between two electrified
interfaces. Two hydrophobic ionic liquids were studied: [Camim][PFe] and
[Camim][BF4]. The system contained 656 IL pairs and 12 water molecules between.

The structure of double layers in humid [Csmim][PFs] were generated to show the
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water and ion density profiles and the space charge density by the cation and anion. At
negative potential, ¢ = -0.16 C/m?, the cation shows a greater density to the electrode
than the anion. At positive potential, 6 = 0.16 C/m?, the anion has a greater space
charge density at the electrode. Water resides near the electrode regardless of the
potential applied, but has a larger accumulation around the positive electrode. This is
due to its strong interaction with the anion, which is accumulated more at the positive
electrode than the cation. These initial MD results are awaiting experimental
confirmation, but provide insight to water molecules near polarized and nonpolarized

electrodes.

2.1.6 Summary and Future Outlook

Many studies have explored the ionic liquid structure at the vacuum, and gas,
and solid interface. Although progress has been made on understanding the influence
of water on these interfaces both experimentally and theoretically, more progress
needs to be made to paint a clear picture. Surface layering is seen at all ionic liquid
interfaces and consists of three regions: interfacial layer, transition zone, and bulk
liquid. Water, as liquid or gas, has an influence on this surface layering as well as the
electronic structure of the ionic liquid. Of the studies that explore the ionic-water
systems, most have only concluded findings about surface layering in the presence of
water. Studies utilizing AP-XPS to correlate water mole fraction with change in
electronic structure of an imidazolium ionic liquid are scarce; however, these studies
could be beneficial to the community to understand IL-gas interactions on a molecular
level.

Water appears to absorb at the inner layer just below the alkyl chain and has a

stronger interaction with the anion than the cation. At the ionic liquid-gas interface,
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SFG has shown that water sits at the inner layer, just below the alkyl chain of the
imidazolium cation, while AP-XPS shows water forms a strong bond with the anion.
At the ionic liquid-vacuum interface, UHV XPS and LOSMS have been used to
determine adsorption enthalpies of water vapor by studying water desorption on a
solid ionic liquid surface. At the ionic liquid-solid interface, AFM has shown a strong
layering at the surface in the presence of water. MD studies at the ionic liquid-vacuum
interface conclude that water absorbs at the inner layer just below the alkyl chain and
forms strong interacts with the anion while the ionic liquid-solid interface shows water
manifests near the positive electrode where the anion is present.

While some studies have focused on the structure of ionic liquids in the
presence of water, most studies of the IL-water system have focused on bulk
properties using IR and NMR. A lot more information needs to be obtained to
determine the effect of water on the ionic liquid interfaces for hydrophobic and
hydrophilic ionic liquids. Experimentally, studies on the chemistry between ionic
liquids and water at these interfaces needs to be built upon. Most experimental studies
have focused on where the water residues at the interface, instead of how it interacts
with the ionic liquid at that interface. To the best of our knowledge, AP-XPS studies
are scarce and could provide insight onto the chemical interaction of water with ionic
liquids. Theoretically, the ionic liquid interfaces are hardly explored due to long
computational times and more complex systems. In particular, the IL-solid interface in
the presence of water has only been studied once. The IL-vacuum interface simulation
studies are scarce when compared to simulations on ionic liquid bulk simulations.

In order to gain a clear understanding of water at the ionic liquid interfaces,

efforts should be made to address the conditions above. Using multiple techniques at
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these interfaces will also provide a more concise, fundamental understanding of IL-
water systems. These systems should also be investigated at all water mole fractions (0

< xw < 1) for hydrophobic and hydrophilic ionic liquids.
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Table 2.1. Experimental Studies Probing IL Interfaces in the Presence of Water

Interface | Technique |H20 lonic Liquid Pmax Refs
Phase? (Torr)P
IL/Vac NICISS | [Cemim][CI] 1.5x10* 24
NICISS | [Cemim][CI] 7.5x10°® 25
UHV XPS |g [Cemim][BF4] 3x 10 6
LOSMS g [Csmim][BF4], 4x10% 26
[Comim][NTf]
IL/Gas® SFG g [Camim][imide] 200 28
SFG g [Camim][BF4], 20 29
[Camim][imide]
SFG | [Camim][BF4] Air 30
SFG g,l [Camim][BF4] 24 Torr 31
SFG | [Camim][BF4] Air 32
SFG g [Camim][PFs] Air 33
SFG I [Camim][FAP] Air 34
SFG | [Camim][0sSOC1] | Air 35
XR | [Campyr][NT#] N2 3
NR I [Csmim][Br] 40
FJSB | [Camim][NTF,] Air i
AP-XPS g [Camim][Ace] 5 Torr 37
Interface
IL/Solid | AFM g [Camim][FAP] Mica 42
AFM | [C2mim][OTf] Au (1111) &
AFM I [Comim][NTf,] Mica 44
AFM I [Comim][NTf] Mica, Au 45
electrode
AFM g [Cemim][03SOC,] | Mica 46
AFM g,l [Comim][NTf] Mica A7
AFM I [Camim][BF4], Mica/Silica 48
[Comim][NTf]
IRAS g [Camim][NTf] Au electrode | %°
AFM [ [C2mim][dca], HOPG 49
[Campyr][dca]

a. IL exposed to gas phase water (g) and/or mixed with liquid water (1).
b. Approximate maximum pressures (Pmax) during in situ probing of IL interface.

Experiments under atmospheric pressure either exposed to ambient air or Na.
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Table 2.2. Molecular Dynamics Studies of IL Interfaces in the Presence of Water

Interface | Species Other lonic Refs
Than Water Liquids

IL/Vac None [Cimim][CI] 57
None [Csmim][BF4], [Camim][PFe] %
None [Csmim][BF4] %
None [Cimim][CI] o4
None [Csmim][BF4], [Camim][PFs] 63
None [Camim][BF4], [NTf2], [PFe] 64
Air [Csmpyr][NTF] %
CO; [Camim][NTf2] 58
CO2, N2, Oz, CHag, [Camim][PFes] 59
CoHs, CoHs
CO2, N2, O [Comim][Gly] 17
CO2, N2, O; [MP][PR], [EP][lac] 60

IL/Solid | None [Camim][PF¢], [Camim][NTf] 62

2.2 Interfacial Water Uptake at the lonic Liquid-Gas Interface of 1-Butyl-3-
Methylimidazolium Acetate

2.2.1 Introduction

Imidazolium-based ILs using acetate as the anion are hydrophilic,
biodegradable, and have low viscosities relative to other conventional 1Ls.®> Acetate-
based ILs are widely used in the dissolution of biomass including cellulose and
chitin.®® It has been shown that a small amount of water can be used to regenerate
chitin and limit the dissolution of cellulose into ILs.%” Water has also been shown to
affect CO- absorption into acetate-based ILs and its mixtures with biopolymers.®
Molecular dynamic (MD) simulations of imidazolium acetate ILs suggest that the
presence of water leads to a decrease in CO> absorption as both water and CO>

compete for the same solvation sites of the acetate IL.%°
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As discussed heavily in Section 2.1, processes including gas absorption, gas
separation, heterogeneous catalysis, and heterogeneous electrocatalysis involve a gas
crossing the IL-vapor interface. Throughout the years, a number of surface analysis
tools have been utilized to understand the IL-vapor interface in the presence of water
including SFG?8, XPS®, and LOSMS?. While surface science studies have provided
valuable molecular level information for the interaction of water with IL-vapor and
IL-vacuum interfaces, a quantitative assessment of water in the interfacial region and
the impact of water on the electronic environment of the IL-water system as a function
of water vapor pressure under near ambient conditions is still lacking.

The vacuum-IL interface has been studied extensively using UHV XPS since
2005,* although few UHV XPS studies have examined ILs with an acetate anion.”
Herein we examine 1-butyl-3-methylimidazolium acetate, [Csmim][Ace], under
adsorption-desorption conditions at room temperature and Torr level water vapor
pressures up to a maximum pressure of 5 Torr using AP-XPS to probe the top few nm
of the IL-gas interface. We present for the first time a quantitative assessment of water
uptake using XPS under Torr level pressures and the significant impact water has on
the moiety specific electronic environment of the IL-vapor interface as a function of

water mole fraction.

2.2.2 Experimental Details

AP-XPS experiments of the IL-water vapor interface were conducted using a
lab-based system with a monochromatic Al anode X-ray source (Scienta MX650)
operating at 20 mA and 10 kV and an electron energy analyzer with a differentially
pumped electrostatic lens (Scienta, HiPP-2). The details for this system have been

described previously.*® Experiments were performed using a 0.5 mm aperture and the
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swift acceleration electron capture lens mode.” The collection angle of the electrons
was 20° relative to the sample normal. Survey spectra were captured at 200 eV pass
energy while C 1s, N 1s and O 1s were captured at 100 eV pass energy.

[Csmim][Ace] (lolitec, 98%) has a melting point of —20 °C with a bulk density
of 1.06 g cm=3."2 The commercial IL was used as received without further purification
and stored at room temperature in a vacuum desiccator. Samples were prepared for
entry into the AP-XPS vacuum chamber by placing a thin film (< 0.3 mm thick, ~7
mm dia.) onto a 10 x 10 mm flame annealed Au foil (Alfa Aesar, 99.9975%, 0.25 mm
thick). The sample holder was mounted and the AP-XPS spectroscopy chamber was
pumped down overnight to a base pressure of 1 x 107 Torr prior to the start of
experiments.

Water vapor was introduced into the AP-XPS analysis chamber using a
variable leak valve, behind which was a glass bulb containing 18.2 MQ-cm water.
Prior to the start of AP-XPS experiments the water was degassed via three freeze-
pump-thaw cycles. The sample temperature was monitored using a type-K
thermocouple near the Au foil. AP-XPS spectra were collected with the sample
temperature held at 21.7 + 0.1°C and constant water vapor pressures ranging from 107
to 5 Torr.

XPS spectra were analyzed using peak fitting software (CasaXPS, v2.3.16)
with linear background subtraction and Gaussian-Lorentzian (70%-30%) peak fits. All
XPS spectra were charge referenced to the C 1s alkyl peak with a binding energy (BE)
of 285.0 eV.”>™ The C 1s alkyl peak as an internal reference for water-1L interactions
was chosen for several reasons including it is the most common reference in the UHV

XPS IL literature, it was used in a previous UHV XPS study of an acetate-based
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imidazolium 1L, the alkyl chain is hydrophobic and expected to be the least sensitive
to water induced BE shifts, and an analysis of all the components in the system
confirmed all other peaks shift to higher BEs relative to the C 1s alkyl upon
introduction to water vapor. A description of individual peak fits will be discussed in

Section 2.2.3.

2.2.3 Quantitative Assessment of Interfacial Water Uptake

A survey spectrum in Figure 2.2 (a) was collected prior to water exposure at a
base pressure of 1.2 x 10~ Torr. There are three major XPS peaks in the C 1s, N 1s
and O 1s regions due to the carbon, nitrogen, and oxygen species in the [Camim][Ace]
molecular structure. The feature at 977 eV representing oxygen KLL. There is no
additional evidence of any other elements present, indicating that our IL sample is
devoid of any measurable contamination at the IL-vacuum interface. This remains true
throughout the duration of the experiment.

Figure 2.2 also shows high resolution spectra of the C 1s, N 1s and O 1s
regions prior to the start of water vapor exposures. The O 1s (Figure 2.2 (b) and N 1s
(Figure 2.2 (c)) regions give single peaks associated with the oxygen in the acetate
anion (Oac) and nitrogen in the imidazolium ring cation (Nring), respectively. The Oac
and Nring components are at 530.4 and 401.7 eV, respectively. As an example, the two
oxygen atoms on the anion are in resonance, so they have the same electron density
resulting in one XPS peak. The C 1s region (Figure 2.2 (d)) is fit with three different
components at 285.0, 286.2 and 287.3 eV. These species are colored according to the
chemical structure in Figure 2.2 (a) and named the following: Caiyi (blue), Cring (red),
and Cox (green), respectively. Both the 285.0 (Caiy) and 287.3 eV (Cox) peaks are

present on the anion and cation, while the 286.2 eV (Cring) peak is associated only with
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the imidazolium cation. To further confirm the purity of the ionic liquids, the peak
areas of the C 1s species are compared. The stoichiometric ratio of the peak areas is
4:4:2 for the blue:red:green carbon atoms, respectively. This ratio matches the ratio of

the chemical structure and further confirms the correct C 1s peak fittings.
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Figure 2.2:  Survey spectrum (a) of [Csmim][Ace] along with chemical structure.
Initial [Camim][Ace] spectra in the (b) O 1s, (c) N 1s and (d) C 1s
regions. Colors of peak fits correspond to elemental species in IL
chemical structure.

AP-XPS experiments of [Csmim][Ace] were conducted by exposing the IL to
water vapor as a function of increasing pressure up to 5.0 Torr. A subset of the C 1s

(a) and N 1s (b) spectra from 1.2x107 to 5.0 Torr are shown in Figure 2.3. From 10
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Torr to 102 Torr, the C 1s and N 1s spectrum remains unchanged. At 0.1 Torr, water
vapor and interfacial water peaks are apparent in the O 1s spectra (discussed in detail
in the latter paragraph). For the C 1s and N 1s spectra at 0.1 Torr, slight attenuation
(decrease in the peak intensity) is seen when comparing to the first water exposure at
10 Torr. After 0.1 Torr, where water adsorption is rapid up to 5.0 Torr, attenuation is
more apparent in both the C 1s and N 1s components. This attenuation as a function of
water vapor is due to water absorption into the interfacial region and diluting the ionic
liquid and an increase in the gas phase water above the sample. There is a visible shift
to higher binding energy in the Cring, Cox, and Nring cOmponents which will be
discussed in Section 2.2.4. When looking at the C 1s spectra, there is an obvious
growth in the Caiyi cCOmponent as water vapor pressure increases. A detailed
description of this growth will be discussed in Section 2.2.5. There are no other
changes in the N 1s spectra as a function of water vapor pressure. The top spectra in
both the C 1s and N 1s shows the high resolution spectra collected immediately after
water is pumped out of the chamber. As one can see, the attenuation is not present in
either spectra. Additionally, the growth in the C 1s spectra is not apparent after water
vapor is pumped out of the chamber. This shows the reversibility of the interfacial

water uptake into [Csmim][Ace].
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Figure 2.3: Spectra of C 1s (left) and N 1s (right) from 1.2x10 to 5.0 Torr. Spectral
attenuation is apparent after 0.01 Torr, which is where water vapor and
interfacial water is seen in the O1s spectrum.

The O 1s high resolution spectra was also collected as a function of water
vapor pressure. Figure 2.4 shows representative O 1s spectra during the room
temperature isotherm. From 10 to 1073 Torr the acetate ion (Oac) is the only oxygen
species observed at the IL-vapor interface. This shows that water is not being absorbed
within the interfacial region at these low vapor pressures. At 10~ Torr, a small
shoulder forms on the high BE side of Oac. This peak is due to the uptake of water
(Ow) at the IL-vapor interface and is initially seen at 531.6 eV. At 0.1 Torr, gas phase

water (Ogas) between the IL surface and the entrance aperture to spectrometer becomes

54



detectable at 535.6 eV. As the pressure increases from 102 to 5.0 Torr, the Oac peak

decreases. This is due to two contributing factors: the gas phase attenuation of the XPS

signal by the increasing water vapor pressure above the sample, and the dilution of the

acetate signal due to an increase in the uptake of water in the interfacial region as

evidenced by an increase in the Ow/Oac ratio with water vapor pressure. Upon

pumping out the water vapor by opening the AP-XPS chamber to a turbo pump and

immediately taking an O 1s spectrum (top spectrum), water rapidly depletes from the

interface evidence by the disappearance of the Ow and Ogas cOmponents.
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Figure 2.4: O 1s AP-XPS spectra as a function of increasing water vapor pressure.
Top spectra taken shortly after water vapor pumped out of the chamber.
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To quantitatively assess the amount of water in the interfacial region, the water
mole fraction (xw) was calculated from O 1s integrated peak areas (1) of Ow and Oac
using Equation 2.1. The kinetic energy of electrons from an O 1s orbital using the Al
K X-ray source is ~950 eV. This corresponds to an inelastic mean free path (1) of 3.0
nm for electrons escaping from the IL surface, calculated using NIST software!! with
the Gries predictive formula and a bulk density (p) of 1.06 g cm= for [Camim][Ace].
The thickness of one monolayer of IL is approximated using”™ p~Y3, which is 0.68 nm
for [Camim][Ace]. Defining the sampling depth to be 31cos(20°), the calculated
sample depth is 8.46 nm, which accounts for 95% of the signal from unscattered
photoelectrons.”® We can then calculate that our AP-XPS experiments are probing ~12
layers of IL. Assuming water is homogeneously mixed within the 8.5 nm probing

depth, the water mole fraction (xw) can be calculated from O 1s integrated peak areas

(1) using:

Nw Ly
X, = = Egn 2.1
Yo nwtny IW+I’TL (Eq )

where ny and ni_ are the moles of water and IL, respectively. Thus, lw oc nw
(one mole of oxygen per water) and I, oc 2ni (two moles of oxygen per acetate
anion).

We were able to obtain the first quantitative assessment of water uptake in the
interfacial region of an ionic liquid using Equation (2.1). A room temperature AP-XPS
isotherm of water mole fraction versus pressure is shown in Figure 2.5 using linear
(black) and log (green) x-axes. First assessment of the log scale plot shows there is no
measurable amount of water in the interfacial region from 10~ to 10 Torr. At 102
Torr, there is a sudden onset of water uptake that continues to increase up to the

maximum water vapor pressure of 5.0 Torr. The water uptake at higher water vapor

56



pressures is more apparent on a linear scale. From 102 to 0.1 Torr there is a steep
onset of detectible interfacial water with a mole fraction of 40 % at 0.1 Torr. At
pressures > 0.8 Torr, water uptake into the interfacial region continues to increase with
increasing water vapor pressure up to a maximum of 85 % mole fraction at 5.0 Torr.
This maximum water vapor pressure corresponding to ~6 waters per IL pair and a

relative humidity of 25.5%.
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Figure 2.5: AP-XPS isotherm of water mole fraction (xw) at the IL-vapor interface
with water vapor pressure on a log scale (green) and linear scale (black).

2.2.4 Binding Energy Shifts Due to Interfacial Water Sorption

As the water vapor pressure increases above 10~ Torr, all measured interfacial
species were observed to shift to higher BEs relative to the Cakyi component. To assess
the shift in BE, Figure 2.6 shows the BE change (ABE) of Ow, Cox, OAac, Cring and Nring

relative to its original BE under high vacuum as a function of water vapor pressure (a)
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and water mole fraction (b). All binding energies are referenced to the Caiy (blue)
component, so the shift for this component remains at a BE = 0 from high vacuum to
5.0 Torr. In Figure 2.6 (a) the ABE shifts are negligible below 0.1 Torr for all
components. At these low water vapor pressures, the average shift for Cox, Oac, Cring
and Nring are 0, 6.8x107* 6.0 x104, and 1.1 x104, respectively. This negligible shift
along with the lack of Ow in the XPS spectra confirms that the BE shift is not a
consequence of x-ray exposure, but may be due to the presence of water vapor. From
0.01 to 5.0 Torr where interfacial water is present, an increase in ABE is seen for all
components as a function of increasing pressure and therefore increasing water at the
interface. The binding energy of the Oac (black) and Cox (green) components shift to
the most to the higher BE, with a final BE shift of ~0.43 and ~0.45 eV at 5.0 Torr,
respectively. Also at 5.0 Torr, the Nring (gray) and Cring (red) components shift ~0.07
eV and 0.14 eV to higher binding energy, respectively. As stated before, the Cox
component is a representation of the most oxidized carbon species on the acetate anion
and imidazolium ring (see chemical structure in Figure 2.2). The Oac component is a
clear representation of the oxygen on the acetate anion, or the species that is expected
to interact the most with water. On the other hand, Ciing and Nring represent the carbon
and nitrogen species on the imidazolium ring, respectively. These species would have
the least interaction with the interfacial water molecules. A breakdown of the chemical
species and the effect of water on the IL molecules leads us to believe that the binding
energy shift observed is due to interfacial water uptake, which will be discussed in
detail within this section.

Figure 2.6 (b) shows that ABE increases roughly linearly with an increase in

the water mole fraction, where the magnitude of the shifts increases in the order: Ow >
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Oac = Cox > Cring > Nring. The initial BE shift for all components starts at 0.1 Torr with
Xw = 0.4. At this pressure, there are about 1.0 water molecules per ionic liquid pair. As
the water vapor pressure increases, the number of water molecules per ionic liquid pair
increases. Also, there is a clear separation of the ABE for each component in the ionic
liquid as well as water. At the maximum water vapor pressure of 5.0 Torr and
maximum ABE, the calculated xw = 0.85. At this maximum water exposure, there is a

clear difference in the shifting of each component in the IL-H2O system.
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Figure 2.6: Relative binding energy shifts (ABE) referenced to the Cay BE as a
function of (a) water vapor pressure and (b) water mole fraction.
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The observed ABE shifts are due to a change in the electronic environment of
the chemical moiety being probed. The larger ABE values for Oac compared to Cring
and Nring shifts are attributed to stronger water-acetate interactions when compared to
water interaction with the imidazolium cation. The change in ABE for Cox is due to the
interaction of water with the acetate carbon and the C=N carbon of the imidazolium
ring, and is therefore a combination of interaction with both the anion and cation.
Water itself undergoes the largest BE shift, suggesting the electronic environment is
strongly influenced mainly through the interaction with the anion.

DFT studies, which focus on electronic structure changes, of acetate based ionic
liquids and water were used to better understand the shifts in the components as a
function of water vapor pressure. Using ab initio calculations, in the presence of one
water molecule, it was shown that water forms two points of hydrogen bonding with the
acetate ion and only one with the imidazolium cation.”” These results, as well as more
recent DFT studies, showed a stronger electrostatic interaction between acetate-water
than cation-water.”” The ion-water interaction has also been studied in the presence of
one and two waters where one water interactions with both the cation and anion
(stronger interaction with the acetate anion) and two waters leads to an increase in the
interaction energy implying a more favorable interaction between [Comim][Ace] and
water.”® Roohi et al. used DFT to study the imidazolium acetate interaction with one to
four water molecules finding the acetate anion has a greater solvation enthalpy than the

imidazolium cation and is stabilized by the addition of water molecules.” The strong
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interaction between the acetate and water molecules suggests that the large shift in the
Oac is due to a strong interaction between the anion and water.

Molecular simulations have been used to investigate imidazolium-based
cations and acetate anion interactions with water finding a strong interaction between
the acetate and water.”” MD study of [Comim][Ace] and water showed at water
concentrations xw < 0.7, water-anion interaction is stronger than the water-water and
water-cation interactions.”” Similarly, radial distribution functions (RDF) of anion-
anion pairs at different water mole fractions show the addition of water leads to a
splitting of a single peak indicating formation of solvation shells around both anions.®
In comparison, the RDF of the cation-anion interaction shows that an increase of water
concentration leads to a decrease in two peaks implying a disengagement of the
cation-anion interaction with increase water concentration. Another MD study
calculated the RDF of the cation-water, anion-water, and water-water interactions
finding that water interacts with all three regions through short range interactions and
the strongest interaction is with the acetate anion.8! Additionally, an MD study of
water concentrations between 0.05 < xw< 0.9 showed a strong anion-water interaction
up to xw= 0.7 where higher xw signify a more homogeneous distribution of the water
within the system.8 Within the calculated RDFs, a sharp peak in the acetate-water
RDF indicates a strong interaction between the acetate anion rather than the [Camim]
cation. These MD studies give further support for the water molecules interacting

stronger with the acetate anion rather than the imidazolium cation which is shown in
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our data as large binding energy shift in the Oac and Ow components as a function of

water vapor pressure.

2.2.5 Growth in Carbon Species due to Interfacial Water Sorption

Analysis of the C 1s and N 1s spectra (Figure 2.3) shows that the overall signal
decreases with increasing vapor pressure due to gas phase attenuation, like what was
observed for the Oac peak in O 1s spectra. As the water vapor pressure increases, the
C 1s spectra show evidence of an increase in Caiyi intensity. Figure 2.7 shows the ratio
of Caikyi/Ctot as a function xw (blue) and nw/niL (black). The initial ratio of Caiky/Ctot =
0.3 £0.01 at xw < 0.6. The initial onset of Cay growth occurs at xw = 0.6 or 1.0 water
molecule per ionic liquid pair. The ratio increases with the number of water molecules,
until it levels off at ~ 4.0 water molecules per ionic liquid pair, with the Caiky/Crot ratio
=0.56 £ 0.01. The ratio then remains constant up to nw/niL.=5.5. This growth in Caikyi
as a function of water mole fraction may suggest a restructuring IL upon interacting

with water at the interface or adventitious carbon absorbing within the ionic liquid.
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Figure 2.7: Ratio of Caky to total C 1s XPS intensity as a function of the number of
waters per IL pair (nw/ni; black data) and water mole fraction (Xw; blue
data).

An increase in adventitious carbon with increasing water vapor may be a
contribution to the growth of the Cayi component. However, the bulk solubility of
hydrocarbons into ionic liquids is relatively low. It has been shown that the bulk
solubility of hydrocarbons into ILs requires high pressures where 760 Torr leads to a
solubility of x < 0.01.2! With this being the case, under AP-XPS experimental
conditions of partial pressures well below atmospheres, the solubility of hydrocarbons
would be much lower than x < 0.01, which is below the XPS detection limit. This is
true even if the uptake was enhanced at the interface relative to the bulk. Hence, we
believe the Caiy growth is not likely due to adventitious carbon.

Our observation of growth in the Cayi component above xw = 0.6 is consistent
with experimental studies of IL-water systems that observe a structure change at the

interfacial region. Neutron scattering has been used to studied ionic liquid-water
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mixtures at a complete range of xw. Using small angle neutron scattering (SANS), the
nanoscale structure of [Camim][BF4]- H20 mixtures over a full xw range has been
investigated for the first time experimentally.®® Initially at xw < 0.7, water dissolves
into the ionic liquid forming a homogenous mixture that does not change the
microstructure of the solution. At xw > 0.7, water forms nanometer-sized clusters that
grow with the addition of water. The results of these experiments were a confirmation
of previous molecular dynamic (MD) simulations of the same [Csmim][ BF4]/water
system.®* This type of nanostructuring can be used to explain the sharp increase of
Caikyi signal at xw > 0.6.

In addition, recent MD simulation studies have examined imidazolium acetate-
water mixtures as a function of x.82 For long chain imidazolium cations (n = 4, 6) a
sudden change in IL density is seen at xw = 0.7. This change is due to nanostructuring
of the IL-water mixture that contains networks of polar regions (water, acetate, and
imidazolium ring) and nonpolar regions (imidazolium alkyl chain). This unique onset
in nanostructuring at xw = 0.7 for [Camim][Ace]-water mixtures is consistent with the
AP-XPS results herein where a sudden onset of Caiyi intensity is observed. These
results suggest that water induced nanostructuring leads to enhanced hydrophobic
nanostructures near the IL-vapor interface and our consistent with the previously
mentions [Camim][BFa4]-water systems.8384

Based on the above experimental results of structuring in the ionic liquid
bulk®84 we suggest the sudden onset of Caiyi at Xw > 0.6 is due to nanostructuring of
hydrophobic and hydrophilic regions where the hydrophobic nanometer size structures
are enhanced at the interfacial region. To further confirmation this observation, MD

simulation studies at the IL-vacuum interface for [Camim][Ace] as a function of water
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mole fraction (xw) are needed. Such results of nanostructuring at the ionic liquid
interface have significant implications for the uptake of other gas phase molecules
(such as CO,). The structural and chemical environment of the interfacial regime is
strongly influenced by ambient water vapor which in turn can significantly impact gas

phase molecules crossing the IL-gas interface during the process of bulk absorption.

2.2.6 Kinetics of Interfacial Versus Bulk Water Sorption

To assess whether water in the interfacial region is changing as a function of
time, AP-XPS spectra were captured back-to-back. Figure 2.8 shows example two
overlaid O 1s spectra, where the first one (black) was collected right after reaching 0.4
Torr (RH = 2.0 %), and the second one (orange) collected immediately following the
first spectrum. The two spectra overlap each other indicating that the oxygen content
in the interfacial region does not change within the time frame of collecting an O 1s
spectrum (11.0 minutes). Thus, the amount of interfacial water is constant with time

and the system is under adsorption-desorption equilibrium conditions.
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Figure 2.8: Two O 1s spectra collected consecutively at 0.4 Torr are shown in black
and orange, respectively.

By contrast, uptake of water into the IL bulk can take many hours.® Figure 2.9
shows results of bulk water uptake into [Csmim][Ace] measured gravimetrically as a
function of time. The uptake was measured by incrementally increasing the RH by 1
% every five hours up to a maximum of 10 %. The mass increased by 13 % with water
uptake still steadily increasing, indicating that bulk uptake of water is still far from
saturation after 50 hours of absorption. These results further confirm that bulk and
interfacial water uptake into [Csmim][Ace] have different kinetics. The bulk water
uptake is slow (on the order of many hours for milligrams of sample) while the
interfacial water concentration rapidly approaches a steady state (on the order of
minutes or less). These results suggest that the kinetics for uptake into the interfacial

region is reversible and much more rapid than uptake into the bulk.
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Figure 2.9: Gravimetric analysis of water absorption showing xw (black) and water
vapor pressure (green) as a function of time.

Experiments have focused on water sorption into ionic liquids and whether
water sorption is into the bulk, onto the surface, or a combination of both. Deyko et al
developed potential energy diagrams of water sorption into ionic liquids and showed
an energy barrier for physisorbed surface water to adsorb within the ionic liquid
underlayer (beyond the alkyl chain on the imidazolium cation) that is smaller than the
rate of desorption into the gas phase.?® Over time, the ionic liquid will diffuse into the
bulk of the ionic liquid. Cao et al. studied bulk water sorption in several imidazolium
cation ionic liquids and found the water sorption equilibrium into the bulk ionic liquid
took several hours for hydrophilic ionic liquids and longer for more hydrophobic ionic
liquids.®® Similarly, Di Francesco et al studied water sorption of four hydrophobic
ionic liquids and found water sorption equilibrium was not reached until several hours

of exposure.®® Recently, Chen et al used ATR-IR to describe the process of water
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absorbed in [Casmim][Ace] with bulk sorption on the order of hours followed by
surface sorption.®” Comparing the AP-XPS and gravimetric data, we have direct
experimental evidence that the kinetics for water uptake into the interfacial region is
reversible and much more rapid than uptake into the bulk as illustrated in the inset of

Figure 2.9.

2.3 Interfacial Water Uptake at the lonic Liquid-Gas Interface of 1-Ethyl-3-
Methylimidazolium Borofluorate

2.3.1 Experimental Details

The AP-XPS experimental details are the same as Section 2.2.2. [Comim][BF]
(lolitec, 98%) has a melting point of 15 °C with a bulk density of 1.24 g cm—3.2 The
commercial IL was used as received without further purification and stored at room
temperature in a vacuum desiccator. Samples were prepared for entry into the AP-XPS
vacuum chamber by placing a thin film (< 0.3 mm thick, ~7 mm dia.) onto a 10 x 10
mm flame annealed Au foil (Alfa Aesar, 99.9975%, 0.25 mm thick). The sample
holder was mounted and the AP-XPS spectroscopy chamber was pumped down
overnight to a base pressure of 5 x 10 Torr prior to the start of the experiment.

Water vapor was introduced into the AP-XPS analysis chamber using a
variable leak valve, behind which was a glass bulb containing 18.2 MQ-cm water.
Prior to the start of AP-XPS experiments the water was degassed via three freeze-
pump-thaw cycles. The sample temperature was monitored using a type-K
thermocouple near the Au foil. AP-XPS spectra were collected with the sample
temperature held at 21.7 + 0.1°C and constant water vapor pressures ranging from 1078

to 2.5 Torr.
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XPS spectra were analyzed using peak fitting software (CasaXPS, v2.3.16)
with linear background subtraction and Gaussian-Lorentzian (70%-30%) peak fits. All
XPS spectra were charge referenced to the C 1s alkyl peak with a binding energy (BE)
of 285.0 eV.”3™* The C 1s alkyl peak was used as an internal reference for water-1L
interactions due to it being the most common reference in literature. A description of

individual peak fits will be discussed in Section 2.3.2.

2.3.2 High Resolution XPS Characterization Prior to Water Exposure

Prior to water exposure, XPS characterization of [Comim][BF4] was
performed. The survey spectrum, shown in Figure 2.10, was collected at 2.0x108 Torr.
The spectrum contains B 1s, C 1s, N 1s, and F 1s which are all present in the chemical
structure of the IL. One may also note that O 1s along with the O KLL auger peak are
also present in the survey spectrum. The present oxygen is a contamination within the
IL. As previously discussed, all ILs are hygroscopic meaning they will absorb even
small amounts of water over time. For this reason, an oxygen contamination is not
surprising. Attempts to remove this contamination were made including heating the
sample up to 40 °C for several hours and pumping on the sample in high vacuum for
several days. None of the attempts lead to a decrease in the amount of oxygen in the

sample and the experiment progressed.
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Figure 2.10: Survey spectrum of [Comim][BF4] collected at 2.1 x 10 Torr along with
chemical structure.

The purity of the sample was also assessed by collecting high resolution
spectra of all the elements present in the survey spectrum, shown in Figure 2.11. The
C 1s spectrum (a) is fit with three components color coded to match the chemical
structure in Figure 2.10. The Caiyl, cring, and Cox COMponents are seen at 285.0, 286.5,
and 287.3 eV. The peak area ratio of the C 1s components is 3:4:1 which matches the
ratio in the chemical structure. The N 1s (b) and F 1s (c) spectra are both fit with one
component and represent the nitrogen (401.9 eV) species on the imidazolium ring and
the fluorine (686.0 eV) species on the anion, respectively. The B 1s, represents the
boron on the anion, (d) is seen at 194.2 eV and is also fit with one component. The O

1s contamination is seen at 533.0 eV.
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Figure 2.11: High resolution spectra of C 1s (a), N 1s (b), F 1s (c), and B 1s (d) for
[Comim][BF4].

Analysis of the O 1s high resolution spectrum shows one oxygen species
present at high vacuum. Again, it is believed that this contamination may be due to
physisorbed water within the IL. Also, upon exposure to water vapor, the O 1s spectra
did not show the addition of another interfacial water peak, showing that the initial
peak in the high vacuum spectra is evidence of physisorbed water that does grow in

the presence of increasing water vapor in the AP-XPS chamber.

2.3.3 Quantitative Assessment of Interfacial Water Uptake

Once the purity of [Comim][BF4] is confirmed, water is introduced into the
chamber at an initial pressure of 1 x 10 Torr. Spectra is collected for all elements
present in the IL in the following order: O 1s, C 1s, N 1s, F 1s, and B 1s. The water
vapor pressure is continuously increased until the maximum water vapor pressure of

2.5 Torr is reached. At the end of the experiment, water is pumped out of the chamber
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and spectra is collected in the same order to confirm the reversibility of the interfacial
water uptake.

Unlike the [Csmim][Ace] IL, [Comim][BF4] does not contain an oxygen
species in its chemical structure to directly calculate the water mole fraction. Instead,
an element close to O 1s is chosen as the comparison, in hopes to limit the effects of
gas phase attenuation. As previously discussed, the Nring Species has a binding energy
of 401.9 eV while the Oy component has a binding energy of 533.0 eV. The measured
kinetic energies of Nringand Ow are 950 and 1080 eV, respectively. At these high
kinetic energies, the gas phase attenuation is similar due to a very small electron
scattering cross section between these two elements.%®

The kinetic energy (KE) of electrons from an average of the O 1s and N 1s
orbitals using the Al K, X-ray source is ~1015 eV. At this average KE, the inelastic
mean free path (1) of electrons escaping the interfacial region of [Comim][BF4] is
calculating to be 3.2 nm using the NIST software!! with the Gries predictive formula
and a bulk density (p) of 1.24 g cm=2 for [C.mim][ BF4]. The thickness of one
monolayer of IL is approximated using” p~X, which is 0.64 nm for [Csmim][BFa].
Defining the sampling depth to be 3\cos(20°), the calculated sample depth is 9.06 nm,
which accounts for 95% of the signal from unscattered photoelectrons.’®

Due to fact that both the O 1s and N 1s are used in the water mole fraction
equation, a sensitivity factor needs to be established. This sensitivity factor is
established by the O 1s and N 1s species of the [Csmim][Ace] that was previous
collected on the lab-based AP-XPS system, due to it containing both elements in its
chemical structure. This sensitivity factor (So 1s/Sn 1s) was measured to be 1.87. Now

the water mole fraction can be calculated using:
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Where Inring and lw are the peak area of the Nring and Ow components at each

Xy = (Egn 2.2)

water vapor pressure. The factor of 2 is from the two moles of nitrogen present in the
imidazolium cation to the one mole of oxygen in the water molecules. Using Eqgn 2.2,
the water mole fraction versus water vapor pressure can be calculated and is shown in
Figure 2.12 for both [Csmim][Ace] (that was previously collected in blue) and
[Comim][BF4] (red).
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Figure 2.12: AP-XPS isotherm of water mole fraction (xw) at the IL-vapor interface
with water vapor pressure for [Csmim][Ace] (blue) and [Comim][BF4]
(red).

In the [Comim][BF4] (red) isotherm, the initial contamination of water leads to
a constant xw of 0.26 from 10 Torr to 0.4 Torr. Then, the initial onset of water

uptake for [Comim][BF4] is seen at 0.8 Torr, with an initial xw = 0.34. This water
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uptake continues to grow linearly, until a maximum xw = 0.44 is reached at 2.5 Torr.
As a comparison, the [Camim][Ace] isotherm is shown in blue. In this isotherm, the
initial onset of water uptake occurs at 0.1 Torr, with xw = 0.53. This isotherm also
continues to increase linearly. At 2.5 Torr, the [Csmim][Ace] isotherm reaches xw =
0.85. This is more than double the amount of water uptake seen in the [Comim][BFa].
This difference in water uptake has been seen in bulk water uptake studies with
various anions and alkyl chain lengths on the imidazolium cation.®>° Monitoring
water uptake from ambient air, it was determined that an increase in the alkyl chain on
the imidazolium cation leads to a decrease in water uptake.®® Using gravimetric
analysis, it has been shown that although the chain length does affect the water uptake,
the biggest contributor to hydrophobicity is the anion.®® In this comprehensive study,
the [Camim]* cation was studied with a variety of different anions including [Ace]
and [BF4]". After exposure to water vapor with RH = 52% at room temperature, the
water uptake decreased in the following order: [Ace] > [CI] > [BF4] > [NTf2] > [PFe].
With this, the [Ace] anion is known to be hydrophilic while the [BF4] anion is
considered hydrophobic. This agrees with our AP-XPS results and allows us to
determine what ILs would be ideal candidates for water uptake via AP-XPS surface

analysis.
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Chapter 3

ENERGETICS OF INTERFACIAL WATER INTO ILS

3.1 Introduction

lonic liquids (ILs) are molten salts with a melting point below 100°C. ILs are
known as “designer solvents”, where different cations and anions can be combined to
enhance their physical properties. For this reason, ILs are sparking interest in various
applications including electrochemistry®?, catalysis®?, and gas absorption?!. Both water
and temperature can affect ionic liquid properties. All ILs are also hydroscopic and
will absorb water over time.%® Water absorption influences the physical properties of
ionic liquids including density and viscosity.** Varying the temperature of ionic
liquids can lead to changes in IL bulk properties including conductivity,
electrochemical window, viscosity, and density.%*® As an example, AC impedance
was used to measure the conductivity of 1-butyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)amide, [Camim][NTf], from 80-32 °C where an increase
in temperature lead to a decrease in the ionic conductivity.?® The density and viscosity
as a function of temperature have been studied for various imidazolium based ionic
liquids where both properties decreased with increasing temperature.%9°

Surface sensitive techniques including temperature programmed desorption
(TPD) and X-ray photoelectron spectroscopy (XPS) have been utilized to understand
the effects of temperature on different IL properties.’*%"%° Using line of sight mass
spectrometry (LOSMS) for TPD, the enthalpy of vaporization, AHvap, has been

measured for several ILs with imidazolium, pyrrolidinium, pyridinium and dicationic
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cations between 138.85 - 294.85 °C. In addition, a model has been established to
predict the enthalpies of other 1Ls.%""192 The effect of temperature on surface
enrichment of imidazolium ILs with varying chain length and anion have also been
studied using AR-XPS demonstrating that increasing temperature from 26.85 °C to
126.85 °C leads to a decrease in surface enrichment of the imidazolium alkyl chain.”
Krischok et al.1% performed a comprehensive study examining structural changes of
[Comim][NTf2] from -173.15 to 346.85 °C using XPS, ultraviolet photoelectron
spectroscopy (UPS), medium energy ion scattering spectroscopy (MIES), high
resolution electron energy loss spectroscopy (HREELS) and density functional theory
(DFT). At colder temperatures below -73.15 °C, the surface structure of the ionic
liquid is drastically different than the bulk structure, where the molecules at the
surface are more structured. The decomposition temperature under vacuum conditions
was also determined. In addition, XPS of the C 1s spectra of [Comim][NTf,] as a
function of temperature shows a shift to higher binding energy at colder temperatures
where surface charging is occuring.%

Several studies have explored the effect of temperature on water sorption into
ionic liquids. Using XPS, the heat of adsorption from -98.15 to 26.85 °C of water into
1-hexyl-3-methylimidazolium tetrafluoroborate, [Csmim][BF4], was determined. ©
Additionally, heating the sample lead to a change in the N 1s spectra where an
additional peak associated with x-ray damage appears at lower binding energy. Most
studies have used a solution of ionic liquid and water to determine the enthalpy of
mixing for a variety of ionic liquids.?%>1% Only a few studies have looked at the
enthalpy of absorption between water vapor and the ionic liquid.*1%* Anthony et al.

used gravimetric analysis to study water uptake in three ionic liquids and found the
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enthalpy of absorption (AHabs) from 10 to 50 °C was similar to the enthalpy of
absorption of water into polar solvents like 2-propanol.!'® Takamuku et al. used
gravimetric analysis to measure the absorption and desorption of water on
[Camim][BF4] from 9.85 to 29.85 °C.1!! Using differential scanning calorimetry
(DSC), the number of water molecules per ion pair was determined to be 7:1, where
the hydration number decreases at higher temperatures.t*2 Water solubility in
pyridinium-based ionic liquids found that solubility increases with temperature from
20.35 to 70.52 °C. It has been shown using gravimetric analysis that the water uptake
in [Camim][ BF4] and [(allyl)mim] [CI] has a higher sorption capacity and rate at
higher temperatures due to the change in viscosity.8>%

In this section, we use ambient pressure X-ray photoelectron spectroscopy
(AP-XPS) to study the influence of temperature on water uptake at the IL-gas interface
of [Casmim][Ace] and [Camim][CI]. Using the Clausius-Clapeyron equation, the
enthalpy of interfacial water uptake has been determined from 0.4 < x < 0.85. Spectra
changes are seen in the C 1s as a function of water vapor and with an earlier onset of
these changes at warmer temperatures. In addition, binding energy shifts follow the
same trend with each isotherm, with the largest shift occurring at colder temperatures

(associated with most water uptake).

3.2 Experimental

1-butyl-3-methylimidazolium acetate [Csmim][Ace] (loletic, 98%) has a
melting point of -20 °C.”? 1-butyl-3-methylimidazolium chloride [Csmim][CI] (Fluka,
99%) has a melting point of 65 °C.** It should be noted that the synthesis of
[Csmim][CI] results in a viscous yellow liquid at room temperature and goes through a

crystallization process using previous [C4smim][CI] microcrystals to obtain a solid
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IL.1%3 It shoud also be noted that may experiments have used [Csmim][CI] at room
temperature in the liquid form.*411> During our study, [Csmim][CI] was a viscous
liquid from 0 -20 °C. The commercial ILs were stored in a vacuum desiccator at room
temperature and used as received without further purification. Samples were prepared
for entry into the vacuum chamber under laboratory conditions by removing from the
vacuum desiccator and spreading a small thin film of < 0.1 mm thick onto a 10 x 10
mm flame annealed Au foil (Alfa Aesar, 99.9975%, 0.25 mm thick) which was
attached on the AP-XPS sample holder. The sample holder was mounted and the AP-
XPS spectroscopy chamber was pumped down with a mechanical pump. The sample
was then pumped overnight using a turbo pump. Figure 3.1 shows a picture of both
samples [Camim][Ace] (a) and [Camim][CI] (b) in the AP-XPS chamber at 10 °C prior
to water exposure. Both IL droplets appear as viscious liquids and remain liquids

during the duration of the experiment.

Figure 3.1: Images of [Camim][Ace] (a) and [Camim][CI] (b) deposited on Au foil in
the AP-XPS chamber under vacuum conditions at 10 °C prior to water
exposure.
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AP-XPS experiments of the IL-water vapor interface for both [Csmim][Ace]
and [Csmim][CI] were conducted using a lab-based system with a Scienta M X650
monochromatic Al anode X-ray source operating at 200 W (20 mA, 10 kV) and a
Scienta HIPP-2 differentially pumped electron energy analyzer. The details for this
system have been described previously.® Experiments were performed using a 0.5
mm aperture and acceleration capture lens mode. A glass bulb containing 18.2 MQ-
cm water (ELGA, MEDICA-R 7/15) and a variable leak valve were used to introduce
water vapor into the chamber. Prior to experiments, the water was degassed via three
freeze-pump-thaw cycles. The sample temperature was monitored using a type-K
thermocouple near the Au foil. AP-XPS spectra for each isotherm were held at
constant temperature using a circulating chiller (Reslab, RTE-140) and constant
pressure ranging from 107 to 5.0 Torr. XPS spectra were analyzed using peak fitting
software (CasaXPS 2.3.16 PR1.6) with linear background subtraction and Gaussian
(70%) and Lorentzian (30%) peak fits. All spectra were referenced to the C 1s alkyl
peak on the imidazolium cation with a binding energy of 285.0 eV."”

In the initial experiment with [Camim][Ace] and water, survey spectra were
captured at 200 eV pass energy while C 1s, N 1s, and O 1s were captured at 100 eV
pass energy. The probing depth is defined as 3*IMFP*cos(20°), where our AP-XPS is
probing ~ 12 layers of ionic liquid and electrons have an IMFP of ~ 3.026 nm for
[Csmim][Ace] based on the O 1s electrons.” The five isotherms were collected at 0.1
+0.4°C,10.2£0.3°C,21.7£0.1°C,32.2+£0.3°C, and 42.4 + 0.5 °C. The isotherms
were collected in the following order: 22 °C, 32 °C, 42 °C, 10 °C, and O °C. Evidence

of beam induced damage was noted in the N 1s spectra at the two coldest isotherms
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and enhanced at the surface in the presence of water. The fittings of the C 1s, N 15,
and O 1s have been described previously.®

In the second experiment with [Csmim][Cl] and water, survey spectra were
captured at 200 eV pass energy while C 1s, N 1s, Cl 2p, and O 1s were captured at 100
eV pass energy. The probing depth is defined as 3*IMFP*cos(20°), where our AP-
XPS is probing ~ 12 layers of ionic liquid and electrons have an IMFP of ~ 3.026 nm
for [Camim][Ace] based on the O 1s electrons.®” The four isotherms were collected at -
-0.1£0.4°C,10.1£0.2°C, 20.4 £0.2 °C, and 30.5 + 0.3 °C. The isotherms were
collected in the following order: 0 °C, 10 °C, 20 °C, and 30 °C. The fittings of the C
1s, N 1s, Cl 2p, and O 1s will be discussion in Section 3.4.

The gravimetric data was collected using a Hiden Isochema IGAsorp
microbalance that can accurately perform sorption measurements through temperature
and relative humidity control. This balance uses nitrogen as a carrier gas to create the
necessary environment around the sample. Unlike the AP-XPS experiment that uses
pure water vapor as the gas, the gravimetric analysis uses a nitrogen carrier gas with
water vapor which requires the pressure data to be presented in partial pressure of
water.

The [Csmim][Ace] sample used for the gravimetric studies was purchased
from Sigma Aldrich and has a purity of > 95%. Prior to analysis, the IL was dried
under vacuum at 50 °C for 7 days. Using Karl Fischer analysis, the final water content
in the sample was determined to be 0.22 wt%. Approximately ~56 mg of the IL was
then loaded into a Pyrex bulb and set onto the IGAsorp. The sample was then further
dried in a stream of dry nitrogen at 250 mL/min for 15 hours at 75 °C. This

pretreatment in the IGAsorp was completed before each isotherm. Three isotherms
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were collected at 21.7 £ 0.02 °C, 30.0 £ 0.01 °C, and 42 °C + 0.02. Lower isotherms at

0 and 10 °C could not be collected due to instrument limitations.

3.3 Energetics of Water Sorption at the 1-Butyl-3-Methylimidazolium Acetate—
Gas Interface

3.3.1 Relative Humidity Dependent Interfacial Water Uptake

To confirm the purity of [Csamim][Ace], a survey was taken before each
isotherm. The survey spectra contained C 1s, N 1, and O 1s which are present in the
chemical structure of [Camim][Ace]. XPS spectra was collected for each element at
every pressure from vacuum to 5.0 Torr. The isotherm at 0 °C could only be collected
up to 2.5 Torr, due to instrumentation limitation.

The O 1s spectra at vacuum for each temperature is shown in Figure 3.2 (a).
The spectra are color coded throughout accordingly: purple - 42 °C, green - 32 °C,
blue - 22 °C, red - 10 °C and black - 0 °C. At vacuum, one component, Oxc, is seen at
530.4 eV. The presence of one component in the O 1s spectra at the same binding
energy for every temperature further confirms the purity of the sample at the start of
each experiment. AP-XPS experiments were then conducted by exposing the IL to
water vapor as a function of pressure. At water vapor pressures < 10”2 Torr, only one
component, Oxc, is present in the O 1s spectra. At 10”2 Torr, a small peak, interfacial
water (Ow), is seen at 531.6 eV. At 10 Torr, gas phase water above the sample (Ogas)
appears at 535.6 eV. Both species continue to grow as more water is introduced into
the chamber, up to a total pressure of 5.0 Torr. Figure 3.2 (b) shows the O 1s spectra at
2.5 Torr for each isotherm containing Oac, Ow, and Ogas cOmponents. To compare the

spectra as a function of temperature, the spectra collected at 2.5 Torr were normalized
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to the Ogas component. At 2.5 Torr, the Ow component shows qualitative growth with
decreasing temperature from 42 °C to 0 °C. There is also a shift in the Ow and Ogas
component to higher binding energy as function of decreasing temperature. The Oac
component also shifts to higher binding energy as a function of decreasing
temperature. In addition, the insert in Figure 3.2 (b) shows the O 1s spectra at 5.0 Torr
zoomed in on the Oac and Ow components at temperatures of 10, 22, 32, and 42 °C.
Here, one can see a small amount of water, Ow, at 42 °C while the spectra collected at
10 °C shows a more pronounced Ow. In addition, the O 1s spectra collected at 22 °C is

only slightly enhanced compared to the spectra at 32 °C.
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Figure 3.2: O 1sat (a) vacuum and (b) 2.5 Torr from 0-42 °C, where Ogas and Ow
shift to higher binding energy as a function of decreasing temperature.
Inset shows zoomed-in spectra collected at 5.0 Torr from 10-42 °C. Color
Code: purple - 42 °C, green - 32 °C, blue - 22 °C, red - 10 °C, and black -
0°C
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Assuming the ionic liquid and interfacial water is a homogenous mixture, the
water mole fraction (xw) can be calculated from O 1s peak areas (I) of Ow and Oac by

using the following equation:
Xy, = —2 = v (Eqn 3.1)

= T
nwtng,  Iw +%

Where nyw and ni_ are the moles of water and IL, respectively, lw o« nw (one
mole of oxygen per water) and I oc 2n. (two moles of oxygen per acetate anion).

The interfacial water uptake curves from 0 to 42 °C as a function of pressure
are shown in Figure 3.3 (a). The room temperature uptake (blue) was collected
previously.®” The uptake curves show [Camim][Ace] uptakes more water at colder
temperatures, which agrees with the qualitative assessment of the O 1s spectra as a
function of water vapor pressure discussed in Figure 3.2. The dashed line through each
isotherm represent an empirical fit with R? > 0.99 for all isotherms. For all isotherms,
there is a steep onset of water uptake at pressures between 1072 Torr and 10 Torr.
Each isotherm continues to grow with increasing water vapor exposure. At the
maximum water exposure of 2.5 Torr, the isotherm at 0 °C uptakes xw = 0.90. The
amount of water molecules per ionic liquid pair were also calculated by using the O 1s
peak intensity of the acetate ion (Oac) and interfacial water (Ow). At the coldest
isotherm of 0 °C and xw = 0.90, there are ~ 10 water molecules per ionic liquid pair.
As a comparison, the warmest temperature of 42 °C uptakes xw=0.64 at 2.5 Torr and
xw = 0.72 at the maximum water vapor pressure of 5.0 Torr. At the warmest isotherm
of 42 °C, there are ~ 3 water molecules per ionic liquid pair.

The amount of water uptake as a function of temperature depends on two
factors, the change in viscosity of the ionic liquid as a function of increasing

temperature leading to faster diffusion of water and the thermodynamics of water
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evaporation as a function of increasing temperature.®>% In [Camim][Ace], increasing
temperature leads to less water uptake within the interfacial region. This infers that
water evaporation with increasing temperature plays the largest role in water uptake

into [Camim][Ace].
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Figure 3.3: Isotherms from 0 - 42 °C of water uptake into [Csmim][Ace] as a
function of pressure (a) and relative humidity (b).
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The pressure was converted to percent relative humidity (%RH) for all
temperatures in Figure 3.3 (b). There is a steep growth in RH between 0 - 6%. The RH
continues to grow with increasing water mole fraction. The warmest isotherm at 42 °C
reaches a maximum RH ~ 7.9 % at 5.0 Torr. In comparison, the coldest isotherm at O
°C, reaches a maximum RH ~ 56.1 % at 2.5 Torr. Even with the drastic difference in
water uptake as a function of temperature for all isotherms, the isotherms converge
when converted to % RH to show one uptake curve. An overlap in relative humidity of
all isotherms confirms that the interfacial water uptake only depends on the water
vapor pressure from 0 - 42 °C. These results agree with previous results that measured
the water absorption of [Comim][BF4] from 283 - 303K .11

Not only does water uptake change with temperature, but the kinetics of water
uptake into the interfacial region is drastically different from the bulk absorption.
Interfacial water uptake into [Camim][Ace] is rapid and reversible compared to bulk
water uptake using gravimetric analysis.3” Comparing [Csmim]* cation with a variety
of anions, Cao et. al.& showed the bulk water uptake into [Csmim][Ace] at RH = 52%
reached a water sorption capacity (W) of 15.63 after 3 hours. Using a two-set model,
the water sorption capacity of [Csmim][Ace] was 24.24, proving that the saturation
point of water into the bulk [Csmim][Ace] regime, was not reached after three hours.
On the other hand, AP-XPS O 1s spectra indicates water uptake is at equilibrium in
the interfacial region after ~11 minutes. Additionally, the reversibility of water uptake
into the interfacial region at all temperatures was investigated. After each isotherm,
water was pumped out of the chamber and the O 1s spectra was immediately collected.
Independent of temperature, the Oac is the only component present in the O 1s spectra,

confirming the reversibility of the water uptake in the interfacial region regardless of
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temperature. The reversibility of water uptake into [Camim][Ace] at room temperature

has been previously discussed.®’

3.3.2 Water Induced Changes in the Electronic Environment

In our previous work, spectral shifts were observed as a function of increasing
water vapor pressure. To assess the magnitude of the core level BE shifts relative to
each other, we compared relative BE shifts (BE) given by BE = BEamb — BEvac, Where
BEamo is the BE in the presence of water and BEvac is the BE under vacuum. The Caiyi
component was chosen as the internal reference due to it being the most common
reference in UHV XPS literature and it is the most hydrophobic species within the
ionic liquid and should be the least sensitive to a water induced chemical shift.3’

Figure 3.4 shows a plot of binding energy shifts relative to the Caiy
component at 0 °C (closed circles) and 42 °C (open circles). Each component is
represented by a different color where O is purple, Oac is black, Cox is green, Cring iS
red, and Nring is gray. Both isotherms in Figure 3.4 show the same trend in components
with shift from largest to smallest in the following: Ow> Oac= Cox > Cring> Nring. At
low water vapor pressures > 101 Torr, minimal shifting is seen in each component.
The magnitude of the shift is drastically different when comparing cold and warm
temperatures. At the colder isotherm of 0 °C (open circles), there are large component
shifts as a function of water vapor. The 42 °C isotherm (open circles) shows a smaller
magnitude in the component shift. As an example, the Oy component at 0 °C shifts ~
1.18 eV and at 42 °C shifts ~ 0.56 eV. Meanwhile, the Nring component at 0 °C shifts ~
0.09 eV and at 42 °C shifts ~ 0.01 eV. In summary, the warmest isotherm at 42 °C

shows relatively small shifts compared to the coldest isotherm at 0 °C.
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Figure 3.4: Binding energy shifts relative to Calkyl for all components as a function
of pressure at 0 °C (closed circles) and 42 °C (open circles). All
components follow same shifting trend at both temperatures.

As discussed in our previous publication, the observed BE changes show water
is significantly influencing the electronic environment of both the cation and anion at
the IL-vapor interface. The difference in binding energy shift with temperature is due
to the amount of water present at the interfacial region. As in Figure 3.3 (a), there is
less interfacial water uptake at warmer temperature leading to a smaller shift in the
components, as.shown in Figure 3.4.

The shift of all components relative to the Cakyi component as a function of %
RH are shown in Figure 3.5. Each shape represents a different temperature where
diamond is 0 °C, triangle is 10 °C, circle is 22 °C, square is 32 °C, and square with X
is 42 °C. A congregation between each component (color) regardless of the

temperature is seen where the trend from largest to smallest shift is the following: Ow
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> Oac= Cox> Cring > Nring. This congregation is further evidence that the shifting is due

to water uptake into the ionic liquid. The order of the shift also agrees with our

previous room temperature data.3’

Figure 3.5:
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Binding energy shift relative to Caiy for all components and temperature.
Color Code: blue=Ow, green=Cox, black=OAac, red=Cring, gray=Nring;
Symbol Code: diamond= 0 °C, triangle= 10 °C, circle= 22 °C, square=
32 °C, square with cross= 42 °C.

As discussed previously, it has been shown using density functional theory

(DFT) that water significantly impacts the electronic environment of each moiety’’

and have been calculated for pure ionic liquids.*'® To understand the magnitude of

these shifts as a function of water vapor pressure as well as temperature, DFT core

level shift studies are strongly needed.

88



3.3.3 Water Induced Structural Changes

In addition to quantitatively assessing the interfacial water uptake as a function
of temperature, we assessed other elemental changes as a function of temperature. An
overlay of the C 1s spectra prior to water exposure at each temperature is shown in
Figure 3.6. The C 1s spectra shows a peak that contains three components Caikyi, Cring,
and Coxat 285.0, 286.2, and 287.3 eV, respectively. The fitting of the C 1s spectra has
been previously discussed.?” The Caiy and Cox components contain carbon atoms on
both the cation and anion. The Ciing cOmponent only contains atoms on the
imidazolium ring. At vacuum in Figure 3.6 (), all C 1s spectrum overlap regardless
of temperature, showing a peak ratio analysis of 4:4:2 for Caikyi:Cring:Cox. Along with
the initial survey spectrum and O 1s spectra of the ionic liquid, the ratio is further

confirmation of the purity of [Camim][Ace] at the beginning of each experiment.

XPS Intensity (AU)

290 288 286 284 282 290 288 286 284 282
BE (eV) BE (eV)

Figure 3.6: C 1s at (a) vacuum and (b) 2.5 Torr from 0 - 42 °C, normalized to Cring
component and calibrated to Caiy at 285 eV. Color Code: purple — 42 °C,
green — 32 °C, blue — 22 °C, red — 10 °C, and black — 0 °C.
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The C 1s collected at 2.5 Torr is shown in Figure 3.6 (b). To make a visible
comparison, all spectra were normalized to the CiingcCOMponent (center component).
The Cox component (highest binding energy) shows a small shift to higher binding
energy at colder temperatures (black spectrum). There is also a drastic change in the
Caiyi cOmponent as a function of temperature. The Cakyi cOmponent grows with
decreasing temperature. This change in the carbon spectra as a function of temperature
IS due to a difference in %RH at each temperature with the smallest RH ~ 3.9% at 42
°C and largest RH ~ 56.1% at 0 °C. At larger %RH, more interfacial water is present
in the [Camim][Ace]. This qualitatively change in the AP-XPS spectra as a function of
water shows water is effecting the carbon atoms of [Csmim][Ace].

Further assessment of growth in Caiy as a function of temperature yields
interesting results. An assessment of the Caiy peak intensity (laikyi) to the total C 1s
signal (lcis) as a function of number of water molecules per ionic liquid pair (nw/nic) is
shown in Figure 3.7. The Caky growth has a sudden onset at 2.0 water molecules per
IL pair for isotherms < 22 °C which is equivalent to xw ~ 0.6. The CaikyI growth occurs
sooner at ~ 1 nw/ni for isotherms warmer than 22 °C, beginning at xw = 0.5 for 32 °C
and xw = 0.4 for 42 °C. After the sudden onset, the Cay1 growth continues to grow
with increasing water molecules. This onset continues to grow to a maximum of

laikyi:lc 1s ~0.70 at xw = 0.9 for both 0 °C and 10 °C, or 10 water molecules per IL pair.

90



0.75 ~

0.70 - o
0,65 A 8
5 0.60 - & o 0°°
"% 0.55 - o é‘gj‘j;o’éf}‘ o0 °C
3 050 { @9 °10°C
1 8% 022°C
0.45 1, 555 o
0.40 B 032 ¢
0.35 ﬁm i
012345678910
n,/my

Figure 3.7: Ratio of Caky intensity to total C 1s intensity as a function of water mole
fraction (xw) for each isotherm

The sudden onset of Caikyl growth is indication of water induced
nanostructuring or the possibility of adventitious carbon with water vapor pressure,
although the latter case is unlikely.!'” The nanostructuring within the interfacial region
leads to a network of polar regions (water, acetate, and imidazolium ring) and
nonpolar regions (imidazolium alkyl chain) as evidenced from MD simulations and
neutron scattering of IL-water bulk mixtures.22#* Literature has also shown long range
ordering in ionic liquids with a thickness up to ~ 2 yum.118119

Small-angle neutron scattering (SANS) has been used to study [Csmim][BF4]-
H>O mixtures at different water mole fractions.® At low xw, the water dissolves
homogenously into the ionic liquid. At xw > 0.7, water begins to form nanometer-sized
clusters. These results were further confirmed from a Molecular Dynamic (MD)

simulation of [Csmim][BF4] and water mixtures, where large water clusters are formed
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at xw > 0.8.84 Recently, a MD simulation study of imidazolium acetate-water mixtures
observed similar nanostructuring phenomenon. For the [Csmim][Ace], a sudden IL
density change was seen at xw ~ 0.7. This change is due to nanostructuring of polar
and nonpolar regions. Both studies confirm the unique nanostructuring in imidazolium
ionic in the presence of water. To the best of our knowledge, we are the first to assess
the nanostructuring between IL and water as a function of temperature.

Based on the previous discussion, we believe the enhancement of Cay as a
function of water is due to nanostructuring within the interfacial region. Within our
probing depth of a few nanometers, we are seeing nanostructuring of hydrophobic
nanometer size structures at xw > 0.6 for temperatures < 22 °C. Our results also
suggest that above room temperature, as the IL temperature increases, the
nanostructuring will begin at a lower water mole fraction. This interfacial
nanostructuring has significant implications for the uptake of other gases including
CO2 and SO, where the gas molecules must pass through the IL-vapor interface. MD
simulations investigating this nanostructuring as a function of temperature are needed

to assess these observed deviations at warmer temperatures.

3.3.4 Energetics of Interfacial Water Uptake

An empirical fit was generated for the uptake curves in Figure 3.3 (a). The
empirical fit used is given by: p = (xw)¥/(1-xw)®, Where p is the pressure, Xw is the water
mole fraction, and a,b are variables that change for each isotherm. To determine the
enthalpy of interfacial water uptake, AH, for this process, we used the Clausius-

Clapeyron equation where relates temperature and vapor pressure of water:

AH = hy — h'9 = RT (5’”"1)P (5”‘“1)” (Eqn 3.1)

sinT Slnxq
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Where AH is the enthalpy of interfacial water uptake, hy is the partial molar
enthalpy, h1'9 is the enthalpy of pure water in the ideal gas phase, and a1 is the activity
of water in the solution.!%

The enthalpy of interfacial water uptake into [Csmim][Ace] from 0.40 < Xw <
0.75, along with a dashed line for the enthalpy of vaporization for bulk water at 20 °C
are shown in Figure 3.8. The generated plot shows a change in the slope of enthalpy of
interfacial water uptake (AH) that can be related to interfacial water uptake into
[Csmim][Ace]. First, the enthalpy of interfacial water uptake shows a linear relation
up to xw ~ 0.7. When interfacial water uptake first occurs into the ionic liquid, the
enthalpy of interfacial water uptake is most favorable and below the enthalpy of
vaporization for bulk water. At these low water concentrations, water is interacting
strongly with the acetate and most acidic carbon of the imidazolium ring. At xw > 0.7,
the enthalpy of interfacial water uptake begins to converge to the enthalpy of
vaporization for bulk water at 20 °C (AHvap = -43.99 kJ.mol). The initial change in
slope at xw ~ 0.7 is likely related to a phase transition, from water-anion interactions to
water-water interactions. It may also be evidence of nanostructuring within the
interfacial region of polar and nonpolar regions which will be discussed in the latter

sections.
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Figure 3.8: Enthalpy of interfacial water uptake from 0.4 < xw < 0.75.

There is a lot of literature on the enthalpy of mixing, AHmix, Of water and ionic
liquids (liquid-liquid)!®120-122 and very little on the enthalpy of vaporization of water
vapor and ionic liquid (liquid-gas)®t%!1, The enthalpy of mixing has been determined
for a range of cations and anions including imidazolium, pyridinium, and piperidinium
cations with anions of various hydrophilicities. On the contrary, the liquid-gas
energetics between water and ionic liquids have been explored for imidazolium
cations with the [PFs] and [BF4] anions.?*® In addition, UHV XPS has shown
different energetics between the heat of adsorption compared to the heat of absorption
of water on a solid ionic liquid surface.® More data is needed to generate a better

understanding about the energetics at the gas-liquid interface of ionic liquids.

3.3.5 Interfacial Versus Bulk Energetics of Water Sorption
While the initial assessment of the energetics at the interfacial region is very

valuable, we wanted to be able to compare our results to the bulk region. To do so, we
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worked with the Dr. Mark Shifflet’s research group from the University of Kansas.
The group was able to do a bulk water uptake experiment on [Csmim][Ace] within the
same temperature and relative humidity range as the AP-XPS data. With this, a direct
comparison between the interfacial and bulk region can be processed.

One thing worth noting is the longevity of each gravimetric isotherm. Table
3.1 shows an example of each data point collected to form the isotherm at 21.7 °C. The
initial data point at RH = 0 % took the longest to collect at ~ 7 days. This is due to the
initial drying of the IL, to obtain a small water concentration determined by Karl
Fischer to be 0.22 % wt. After this initial data point, all points collected took
approximately 1 — 2.5 days to equilibrate. Using gravimetric analysis, one complete
uptake isotherm takes approximately 11 days to collect. The desorption time at the
same % RH took slightly longer. For example, the water uptake at RH = 15 % took 1
day to equilibrate while the desorption at this RH took 1.3 days. In total, one
absorption and desorption experiment could take several weeks to complete. On the
contrary, an AP-XPS experiment can be completed within 1 day depending on the

amount of data collected.

Table 3.1: Longevity of Each Gravimetric Data Point for Isotherm at 21.7 °C

% RH Equilibration Time (days)
0 7

1 2.6

5 2

10 1

15 1

20 1.4

25 1
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Both bulk water absorption and desorption curves are shown in Figure 3.9 (a).
The overlapping of the results confirms the water-ionic liquid interactions are purely
physical. The bulk uptake depicts a similar behavior as the interfacial absorption,
where the highest water concentration is observed at the lowest isotherm in the
system, 21.7 °C. An empirical equation (R?> 0.99) is fit to the gravimetric data, as
depicted by the dashed lines at each isotherm. The higher temperature curves appear to
plateau at lower partial pressures of water, therefore suggesting a lower bulk water
sorption capacity at higher temperatures for the 21.7 °C to 42 °C range. Partial
pressures higher than 5.0 Torr are achieved with the gravimetric balance. This is
possible as the IGAsorp operates at ambient pressure (~760 Torr) and is set to reach
25 % RH for all isotherms, where the partial pressure of water at 25 % RH and 42°C is
~15.4 Torr. At 21.7 °C, the maximum water partial pressure is 4.87 Torr and the
system achieves its highest water uptake: xw=0.78. The ratio of water molecules to IL
pair molecules at 21.7 °C and xw=0.78 is about 3.5, whereas at 42 °C and a water
partial pressure of 4.87 Torr, the ratio is ~ 1.77. However, at the 42 °C isotherm and its
highest water exposure (~ 15.4 Torr), the molecule ratio is ~ 3.4, which indicates that

hydration capacities at differing temperatures are similar at equal relative humidities.
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Figure 3.9: Isotherm of bulk water uptake into [Csmim][Ace] using gravimetric
analysis on a linear scale (a) and log scale (b).

Figure 3.9 (b) shows the data points on a log scale to exploit the data collected
at lower water vapor pressures. As one can note, the empirical fit used for this data set
fits the lower water vapor pressures well for all three isotherms. A slight change in the
empirical fit would lead to drastic changes in the thermodynamic data. For this
reason, it is crucial to obtain an empirical fit that fits the lower water vapor pressures

due to the data set being heavily influences by the higher water vapor pressures.
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The pressure was converted to % RH for all interfacial (circles) and bulk
(crosses) isotherms in Figure 3.10. There is a steep increase in water uptake between 0
—5 9% RH, and the RH continues to grow with increasing water mole fraction for both
regions. In the interfacial region, the warmest isotherm at 42 °C reaches a maximum
RH ~ 7.9 % at 5.0 Torr. In comparison, the coldest isotherm at 0 °C, reaches a
maximum RH ~ 56.1 % at 2.5 Torr. Within the bulk ionic liquid, the final relative

humidity of 25 % led to xw = 0.776 £ 0.003, as mentioned previously.
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Figure 3.10: Relative humidity plot of water uptake into the interfacial region (circles)
and bulk region (crosses).

Even with the drastic difference in water uptake as a function of temperature
for all isotherms, the isotherms converge when converted to % RH to show two uptake

curves, one for the interfacial region (circles) and the other for the bulk region
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(crosses). An overlap in relative humidity of all isotherms confirms that the interfacial
water uptake only depends on the water vapor pressure from 0 - 42 °C. These results
agree with previous results that measured bulk water absorption of [Comim][BF4] from
283 - 303K. 1!

A comparison of both sets of isotherms shows that at equilibrium there is a
higher concentration of water in the interfacial region than in the bulk ionic liquid
between 5 < % RH < 25. This behavior of water enhancement at the ionic liquid
interface relative to the bulk has been noted in molecular dynamic (MD) studies of the
IL-vacuum interface for [Cimim][CI].54°7

The enhanced concentration of water at the interfacial region could have
implications in gas absorption (i.e CO2). An experimental study, combined with MD,
has shown that the presence of water causes a decrease in CO> solubility in acetate
ILs, due to the two gases competing for the same solvation sites.®® In addition, MD
occupancy profiles of water and CO. at the ionic liquid-gas interface have revealed the
formation of a CO. adsorption layer at the interface and a water inner layer right
below.®® The effect of water on CO, absorption has also been described
experimentally. Using the 2-cyano-pyrrolide anion, gravimetric experiments studying
bulk absorption of CO. found the CO> absorption decreased in the presence of water
for imidazolium based ionic liquids,*?® while the CO; absorption increased in the
presence of water for phosphonium based ionic liquids.'?* Gas absorption requires a
gas molecule to pass the IL interface, which suggests the discrepancy may be due to
changes at the interface which are not measured during bulk absorption studies. For
this reason, more studies comparing water effects at the ionic liquid interface and bulk

are needed.
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The reversible reaction of water (W) into an ionic liquid (IL) is shown below:
W (g) +IL(l) & W — IL(mix) (Eqn 3.2)

For the case of water vapor sorption into [Csmim][Ace], the final solution is a
mixture of water and [Csmim][Ace], IL(mix), where the amount of water present in
the mixture may be different within the interfacial region and bulk ionic liquid. The
Gibbs free energy (AG) equation for this type of reaction in terms of coverage has
been previously discussed in detail and is shown below:
AG = AG° + RTInQ (Eqn 3.3)

Where Q is defined as a unitless quotient of the concentration of products over
reactants at standard state.}®® For water uptake in units of pressure and water mole

fraction, Q is represented by:

Cew /W)™
= Eqn 3.4
¢ (Be)1—xw)/ (A=xwe)™ (Ean 3.4)

At equilibrium, Q is equal to the equilibrium constant (Keq), which can then be
defined at equilibrium as the following in terms of water mole fraction (xw) and

pressure (p):

__ Gw)™  _ AS°/R,—AH°/RT
€4 = oy — € e (Egn 3.5)

Where K° is the standard state constant, R is the ideal gas constant, and T is
the temperature in Kelvin. AH® and AS® are the standard state enthalpy and entropy
for the overall reaction (Eqn 3.2), respectively. It should also be noted that the
empirical fits of the isotherms are independent of m and n, and for that reason both are

set to equal one.

o (xWO)n _ L -1
= T 760 Torr (Egn 3.6)
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The enthalpy of water sorption at both the interfacial region and bulk ionic

liquid is determined by the Clausius-Clapeyron analysis. Solving Eqn 2 for InP gives

the following:
_AHS AS° Gew)™
P =222 41y (—KO(I_XW)m) (Eqn 3.7)

Thus, a plot of InP vs. 1/T will yield a straight line with slope of AH/R as

shown by this equation:

AHe = R 22F (Eqn 3.8)
o@D ),

The data generated from this Clausius-Clapeyron Relation (Eqgn 3.8) for
interfacial (a) and bulk (b) regions is shown Figure 3.11. Both plots show eight linear
lines, representing water mole fractions at 0.4 < xw < 0.75 in 0.5 increments. The
interfacial plot (a) has five points per line, representing the five temperatures (0, 10,
22, 32, 42 °C) used to collect the AP-XPS isotherms. The bulk plot (b) shows three
points per linear line representing the three temperatures (21.7, 30, and 42 °C) used to
collect the gravimetric isotherms. All eight water mole fraction lines collecting for the

interfacial and bulk regions had an R? > 0.9938 and > 0.9984, respectively.
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Figure 3.11: Clausius-Clapeyron relation plots from 0.4 < xw < 0.75 for both the
interfacial (a) and bulk (b) regions.

Using Eqn. 4, the entropy of water sorption can also be determined from a plot

of T*InP vs. T as defined below:

ASS = _R ((agg)xw I (%)) - _R <(m%)xw - ln(c)) (Eqn 3.9)

Where the slope of function will be -AS/R, due to In(c) being defined as a
constant. The entropy plots (T*In(P) vs. T) for both the interfacial (a) and bulk (b)
regions is shown in Figure 3.12. Both plots show eight linear lines, representing water
mole fractions at 0.4 < xw < 0.75 in 0.5 increments. All eight water mole fraction lines
collecting for the interfacial and bulk regions had an R? > 0.9921 and > 0.9982,

respectively.
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Figure 3.12: Entropy plots from 0.4 < xw < 0.75 for both the interfacial (a) and bulk
(b) regions.

The enthalpy (a) and entropy (b) of water at the interfacial and bulk regions are
shown in Figure 3.13 from 0.40 < xw < 0.75, along with dashed lines representing the
enthalpy (-44 kd/mol) and entropy (-147 J/mol-K) of vaporization of bulk water.!'° The
generated plot shows a change in the slope of enthalpy of interfacial water uptake (AH®)
which can be related to water uptake into [Camim][Ace] within both regions. Initially,
at xw < 0.65, the enthalpy of water in both regions is steadily increasing. When
interfacial water uptake first occurs into the ionic liquid, the enthalpy of water uptake is
most favorable and below the enthalpy of vaporization for bulk water. At these low
water concentrations, water is interacting strongly with the acetate and most acidic
carbon of the imidazolium ring. At low water mole fractions between 0.4 < xw< 0.45,
water is also slightly more favorable in the interfacial region. However, at xw > 0.65,
the enthalpy of water uptake begins to converge on the enthalpy of vaporization for bulk
water at 25 °C (AHvap = -43.99 kJ.mol).!% At these higher water mole fractions, both

the interfacial and bulk regions are similar.
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Figure 3.13: The enthalpy (a) and entropy (b) of water uptake from 0.4 < xw < 0.75 for
both the interfacial and bulk regions. Dashed line represent the enthalpy
(a) and entropy (b) of vaporization for bulk water at 25 °C. Error bars

represent lo.

There is plenty of literature on the enthalpy of mixing, AHmix, of water and

ionic liquids (liquid-liquid)'°6120-122 and very little on the enthalpy of vaporization of

water vapor and ionic liquid (liquid-gas)®'®!, The enthalpy of mixing has been

determined for a range of cations and anions including imidazolium, pyridinium, and

piperidinium cations with anions of various hydrophilicities. On the contrary, the

liquid-gas energetics between water and ionic liquids have been explored for

imidazolium cations with the [PFe] and [BF4] anions.?#? In addition, UHV XPS has

shown different energetics between the heat of adsorption compared to the heat of

absorption of water on a solid ionic liquid surface.® More data is needed to generate a
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better understanding about the energetics at the gas-liquid interface of ionic liquids as
well as a comparison of the energetics at both the interfacial and bulk regions.

Using line of sight mass spectrometry and ultra-high vacuum XPS, potential
energy diagrams of enthalpy versus distance of gas phase water to bulk water
absorption into two hydrophobic ionic liquids have been generated.?® This experiment
has illustrated water’s tendency to reside at the ionic liquid under layer below the
imidazolium alkyl chain and has also shown an energy barrier for the water to
physiosorb into the bulk ionic liquid. Our results indicate we may be observing the
same phenomena, where water prefers the interface and must overcome an energy
barrier to absorb into the bulk.

Using Eqgn 3.9, a plot of entropy vs. water mole fraction is determined and
shown in Figure 3.13 (b) for both interfacial and bulk water sorption into
[Camim][Ace]. The largest difference between the interface and bulk region was seen
in the entropy. The entropy of interfacial and bulk water sorption from 0.4 < xw < 0.75
increases with increasing water. At low xw < 0.55, the entropy of interfacial and bulk
water sorptions are similar. At xw > 0.55, the entropy of water sorption changes, where
the entropy of interfacial water continues to increase until reaching a plateau at xw >
0.7. By averaging the last two data points contained in the plateau (xw = 0.7 and 0.75),
the calculated maximum interfacial entropy is -85.6 + 0.2 J/mol-K. On the other hand,
the bulk entropy plateaus at xw > 0.6 with an average bulk entropy (last four data
points) of -98.7 £ 0.7 J/mol-K. The entropy of bulk water is also shown on the plot as
a dashed line at -147 J/mol-K. Both the interfacial and bulk entropy of water sorption
in [Casmim][Ace] is less favorable than the entropy of bulk water sorption within this

Xw range.
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Using the enthalpy and entropy at a specific temperature, the Gibbs free energy

(AG®) can also be determined by the relation shown below:

AG° = AH° — TAS® (Egn 3.10)
14 -
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Figure 3.14: Gibbs Free Energy (AG®) of water sorption into [Casmim][Ace] at both
the interfacial (black) and bulk (gray) regions at 20 °C. Error bars
represent 1o.

A plot of the Gibbs free energy at 20°C as a function of X is shown in Figure 3.14.
At xw < 0.5, the Gibbs free energy is relatively the same at both interfaces, whereas at
Xw > 0.5, the interfacial Gibbs free energy is slightly more favorable than the bulk Gibbs
free energy. As the water concentration increases, the calculated Gibbs free energy for
both the interfacial and bulk sorption increases. At the maximum water mole fraction of
0.75, the Gibbs free energy for the interfacial and bulk sorption are -17.3 + 1.0 kJ/mol
and -15.8 + 0.2 kJ/mol, respectively. Although both Gibbs free energies are negative,

and not drastically different, the interfacial Gibbs free energy is slightly lower than that
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of the bulk, which suggests that the hydration state of the interface is more spontaneous

than the hydration of the bulk.

3.4 Energetics of Water at the 1-Butyl-3-Methylimidazolium Chloride-Gas
Interface

Since the thermodynamics of water uptake into the interfacial region of an IL
has only been explored once with the [Csmim][Ace], we wanted to obtain
thermodynamics for another hydrophilic IL. We chose the [Csmim][CI] due to it
having the same cation and another highly hydroscopic anion.

1-butyl-3-methylimizolium chloride, [Csmim][Cl], is a white powder-like solid
with a melting point of 338.15 K.(2001 Sheldon CC) This IL was purchased from
Fluka with a purity of 99.0%. The sample was stored in a vacuum desiccation and
used without further purification. The IL was deposited on a flame annealled Au foil
with a T/C close to the sample. Once deposited, all of the ionic liquid deliquesced into
a viscous liquid. The liquid sample was immediately transferred into the AP-XPS
chamber. The temperature was controlled using a RKE chiller. Once the instrument
was under vacuum, the chiller was turned on and the sample temperature was set. The
sample was pumped in the chamber overnight at the temperature needed at each
isotherm for AP-XPS analysis the following day. The IL remained a liquid throughout
the entire experiment for all four isotherms. Four isotherms were collected at 0.0 +
0.4,10.1£0.2,20.4 £0.2,and 30.5 + 0.5 °C.

Using our lab-based AP-XPS system, electrons were captured at 20 relative to
the surface normal. The survey spectrum was collected at a pass energy of 200 eV
while the high resolution spectrum were collected at a pass energy of 100 eV. All XPS

spectra were analysis using peak fitting software (CasaXPS, v2.3.1.6) with Gaussian-
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Lorentzian (70-30%) peak fits and linear background subtraction. The spectra were
references to the Calkyl component at 285.0 eV.

Water uptake into [Camim][CI] for all four isotherms is shown in Figure 3.15
(a). Similarly to water uptake into [Csmim][Ace], the coldest isotherm collected at 0
°C (black) uptakes the most water with xw = 0.83 while the warmest isotherm at 30.5
°C uptakes the least amount of water, xw = 0.63. In addition, the ratio of nw:n\_ were
calculted for each isotherm. At the maximum water vapor pressure of 2.5 Torr, the
isotherm collected at 0 °C has approximately 5 water molecules around 1 IL pair.
When compared to the water uptake into [Csmim][Ace], this IL has less water within
the interfacial region, which has been shown for bulk water absorption previously.®
The dashed line through each isotherm represents an empirical fit with R? > 0.996.

The same data is plotted in log scale in Figure 3.15 (b). As one can see in the
log plot, data points collected below water vapor pressure of 0.5 Torr overlap
drastically for the two warmest isotherms at 20.4 °C (blue) and 30.5 °C (green);
therefore, xw < 0.4 were not considered in the calculation of thermodynamics. In
addition, xw > 0.6 were also not considered in the thermodynamics due to the warmest
isotherm only having a maximum xw = 0.63. One can see the empirical fit models the

isotherms well from 0.4 < xw < 0.6.
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Figure 3.15: Isotherm of bulk water uptake into [Csmim][CI] using AP-XPS on a
linear scale (a) and log scale (b).

Similarly to the water uptake into [Camim][Ace], the relative humidity plot for
the isotherms of water uptake into [Csmim][CI] were plotted in Figure 3.16. As
expected, all four isotherms converge to form one uptake curve. This confirms that
water uptake is the only factor contributing to the amount of water calculated in the
interfacial region. In this experiment, the largest water mole fraction at 0.83 occurs at
RH ~ 56.1 % (black isotherm). Each isotherm ends at a different % RH, where the
isotherm at 30.5 °C, 20.4 °C, 10.1 °C, and 0.0 °C are exposed to a maximum % RH of
15.0 %, 28.0 %, 55.0 %, and 56.1 %, respectively.
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Figure 3.16: Water mole fraction vs. relative humidity (%) plot for all four isotherms
showing one uptake curve.

Using all four isotherms between 0 — 30.5 °C, the energetics of water uptake
into [Camim][CI] can be determined. The enthalpy (a) and entropy (b) of this
interaction at 0.4 < xw < 0.6 is shown in Figure 3.17. The enthalpy of bulk water at 25
°C is shown as a black dashed line. As one can see, the enthalpy of water into this IL is
slightly less favorable than the enthalpy of bulk water. The enthalpy is also similar at
all xw within this range (error bars are large). In addition, the entropy of this process is
also similar within this xw range. In both cases, the error bars on the points at smaller
Xw are larger due to the data being noisier at the smaller xw, which is also apparent
from the uptake curve shown in log scale.

Additionally, this IL was studied to compared the energetics to the energetics
of water into [Csmim][Ace]. A comparison shows drastically different trends. The
[Camim][Ace] initially shows energetics that are more favorable than the enthalpy of
bulk water and as more water is added to the system it becomes less favorable until it

reaches the bulk enthalpy of water. This makes sense due to the initial strong
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interaction between the anion — water that is then weakened as more water is absorbed
into the interfacial region, leading to more water — water interactions. However, the
[Csmim][CI] shows slightly less favorable energetics within this xw range. While it is
not clear why these energetics are less favorable and relatively unchanged, bulk
energetics of this process may provide additional insight to this observed behavior. It
Is possible that the orientation of the anion and cation for [Csmim][CI] within the
interface may be different than the orientation of these species for [Csmim][Ace]

causing very different energetic trends.
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Figure 3.17: The enthalpy (a) and entropy (c) of water uptake from 0.4 < xw < 0.60 for
[Camim][CI] using AP-XPS. The dashed line represent the enthalpy (a)
of vaporization for bulk water at 25 °C. Error bars represent 1c.
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The data generated from the Clausius-Clapeyron Relation (a) and entropy plot
(b) for interfacial water uptake into [Csmim][CI] is shown Figure 3.18. Both plots
show five linear lines, representing water mole fractions at 0.4 < xw < 0.6 in 0.5
increments. Each line is made up of four data, representing the four temperatures (0,
10.1, 20.4, 30.5 °C) used to collect the AP-XPS isotherms. All five water mole
fraction lines collecting for the enthalpy (a) and entropy (b) had an R? > 0.9717 and >

0.9653, respectively.
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Figure 3.18: Clausius-Clapeyron relation (a) and entropy (b) plots from 0.4 < xw < 0.6
for interfacial water uptake into [Csmim][CI].

Using the enthalpy and entropy at 20 °C, the Gibbs Free Energy of water into
[Camim][CI] was also determined and shown in Figure 3.19. Between 0.4 < xy < 0.6,
the Gibbs Free Energy is relatively the same within this temperature range. On
average, AG ~ - 16.9 + 1.0 kJ/mol. In comparison to [Csmim][Ace] where AG is less
favorable as more water is added to the IL interfacial region, [Csmim][CI] shows a
different trend in AG. Again, this different trend may be due to differences in the

interfaces of these ILs.
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Figure 3.19: Gibbs Free Energy (AG®) of water sorption into [Camim][Cl] at the
interfacial region at 20 °C. Error bars represent 1c.
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Chapter 4

DELIQUESCENCE OF IONIC LIQUIDS

4.1 Introduction

Salts are known to be compounds that deliquesce, or have a high affinity to
absorb water vapor out of the air to form aqueous solutions. The deliquescence
process of sodium chloride, NaCl, is highlight in Figure 4.1. When a salt crystal is
initially exposed to the atmosphere, water will adsorb on the surface of this crystal,
forming a layer of water around the crystal. Overtime, the deliquescence process will
reach equilibrium, where a saturated aqueous salt solution will form. When the salt
crystal is then dried (all water removed), the salt will return to its crystal form.
Understanding this process for salt solutions is critical for use in laboratory setting as a
desiccant to remove water for other samples and in industry to remove water from

chemical reactions.

Figure 4.1: Deliquescence process of NaCl where initial water vapor adsorption
occurs on the solid-gas interface and then over time will be absorbed to
form an aqueous salt solution.
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This process has been studied extensively for both the initial adsorption of
water onto the surface of the salt crystal as well as the equilibrium process of forming
an aqueous salt solution. Using surface sensitive analytical instrumentation (i.e. AP-
XPS), the initial adsorption of water onto the surface of salt solutions has been studied
to understand ion enhancement at the initial water film as well as the exact relative
humidity needed to deliquesce the solid salt.2®

Using AP-XPS, the deliquescence of salts has been well studied. Using
synchrotron based AP-XPS, the interaction of salt samples including NaCl, Kl, and
LiCl with water vapor at the ionic liquid-vapor interface have been explored. 127-129
Depth profiles generated of the saturated NaCl showed an enhancement of the anion
(CI") at the surface.®® Similarly, in a pure Kl-water solution, the anion is enhanced at
the interface.'?® The question still remains if an ionic liquid will behave in a similar
manner when exposed to enough water vapor to deliquesce.

While the deliquescence process of a traditional salt has been studied, solid
ionic liquids have started to generate interest as well. To the best of our knowledge,
there has only been one deliquescence study of water with an ionic liquid.*3! In this
study, the deliquescence of tetraethylphosphonium benzimidazolide, [P2222][BnIm], in
the presence of water vapor from 0 to 80 mbar and temperatures from 53 °C to 80 °C
was explored. The deliquescence process required more water vapor at higher
temperatures. At 53 °C and 62 °C, the ionic liquid deliquescence process occurred at 7
and 12 mbar, respectively. At the warmer temperature of 80 °C, the deliquescence
process occurred at water vapor partial pressure of 65 mbar. This data was used for
developing pre-dryer systems for CO> capture, where water absorption can affect CO>

uptake in ionic liquids.
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In this chapter, the deliquescence of ionic liquids is explored. First, the bulk
deliquescence of two ionic liquids, 1-methyl Piperizinium Acetate, [MP][Ace], and
methylamine malate, [MA];[Mal], is attempted using a saturated potassium iodide salt
solution with RH = 69% and in open lab air with RH = 48%. Then, the deliquescence
of 1-butyl-3-methylimidazolium chloride, [Csmim][ClI], is explored using AP-XPS

from vacuum up to RH = 34.7 %.

4.2 Deliquescence using Lab Air and Salt Solutions

Prior to analysis in the AP-XPS chamber, the deliquescence process of solid
ionic liquid in the presence of water vapor was explored. The goal was to find an ideal
candidate for deliquescence that would deliquescence within the chambers relative
humidity limits of 0 < % RH < 55. Also, the kinetics of the solid ionic liquid

deliquescence process would be monitored.

4.2.1 Experimental Details

The deliquescence process of several ionic liquids was qualitatively assessed.
1-methylpiperazinium acetate, [MP][Ace], and methylamine malate, [MA]2[Mal],
were both synthesized in house with an acid base reaction. The final products were
dried in a vacuum oven for several days and characterized using nuclear magnetic
resonance (NMR). Prior to the deliquescence experiments, the samples were stored in
a vacuum desiccator. During the deliquescence experiments, the samples were taken
from the vial without any further characterization.

The two different deliquescence experiments were conducted where the sample
was exposed to a saturated salt solution (a) and to lab air (b) are shown in Figure 4.2.

To expose the sample to a saturated salt solution, a makeshift gas cell was designed
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using sealed glass jar (a). The top of the jar had two ports for nitrogen gas. The first is
to allow the gas to flow into the cell (removing any air and drying the sample) and the
second is to allow the gas to leave. The glass slide was also Torr sealed to the top of
the jar, allowing one to image the deliquescence process using a microscope and
camera. Inside the jar, a saturated salt solution was placed close to the solid ionic
liquid that was deposited on a white plastic dish. A black dot was placed on the white
plastic dish to indicate where the sample should be placed for optimal imaging. After
purging the cell with nitrogen for several minutes, both ports (gas in and gas out) were
sealed with parafilm and the cell was left to saturate with the relative humidity
provided by the saturated salt solution. Images of the deliquescence process were

captured using a light microscope (AmScope SM-4TZZ) and a camera (info).

(ras Gas
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Salt Meter
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|
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Figure 4.2: Experimental set-up for studying the deliquescence of ionic liquids with
saturated salt solutions in a closed container (b) and in lab air (a).
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The deliquescence process was also studied by exposing the ionic liquid to lab
air shown in Figure 4.2 (b). In these experiments, a small amount of the solid ionic
liquid was placed on a glass slide and the deliquescence process was captured using a
light microscope (LM Olympus BX60). This light microscope could only be used with
lab air deliquescence process due to the aperture being relatively close to the sample
with no room to add a closed cell. A relative humidity meter was kept close to the

sample to monitor the %RH of the air.

4.2.2 Qualitative Assessment of IL Deliquescence

Initially, the deliquescence process was monitored using a saturated salt
solution with a known %RH. The qualitative deliquescence process of [MP][Ace] at
RH = 69% is shown in Figure 4.3. The deliquescence process was relatively fast at
this %RH, and images were captured in 20 second increments. Initially, at t = 0 secs,
the [MP][Ace] sample is a white solid. Within the first 20 secs, the sample begins to
liquefied around the edges, indicating the start of the deliquescence process. By 60
secs of exposure, the edges have fully liquefied, leaving a small solid in the center. In
the final image of 100 secs, the sample has a small crystal in the center, but is mostly

liquid.
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Figure 4.3: Images of deliquescence of [MP][Ace] versus time (sec) using a saturated
solution of potassium iodide (RH = 69%) captured via light microscope.

Due to the fast kinetics of deliquescence with a salt solution (RH = 69%), the
deliquescence of methylamine malate, [MA]2[Mal], was monitored in lab air with RH
= 48 %. At this lower relative humidity, the deliquescence process is slower which
allowed us to capture the process on the orders of minutes rather than seconds. The
deliquescence process, shown in Figure 4.4, was captured using a light microscope
(LM Olympus BX60). Initially, at t =0 minutes a white solid crystal with a liquid
surface is seen. After 4 minutes of exposure to RH = 48 %, a liquid puddle (black) is
around the white crystal. This liquid puddle continues to grow until a very small white

crystal is seen at t = 16 minutes.
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Figure 4.4: Images of deliquescence of [MA]2[Mal] versus time (min) under lab air
(RH = 48%) captured via light microscope.

While the [MA]2[Mal] had slower kinetics at a lower RH = 48 % than the
[MP][Ace] at RH = 69 %, the relative humidity is still too high to conduct a detailed
AP-XPS experiment, where the experiment should occur from 0 < % RH < 55. By
exposing the [MA]2[Mal] and [MP][Ace] to salt solutions with lower % RH, we would
slow the kinetics, which is also not ideal.

The deliquescence process of other ionic liquids was also studied and a
summary of these results is shown in Table 4.1. Both 1-ethyl-3-methylimidazolium
chloride, [Camim][Cl], and 1-butyl-3-methylimidazolium chloride, [Comim][CI], were
purchased from Fluka with a purity of 99%. Bis(2-methoxyethyl)ammonium acetate,
[Ch][Ace], was purchased from Fluka with a purity of 90%. Tetramethylammonium
acetate (95%), [TMA][Ace], and 1-methylimidazolium tetrafluoroborate (purity 95%),
[Cimim][BF4], were purchased from Bionigs and EMD Merck, respectively. All

samples were stored in a dessicator.
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Table 4.1: lonic Liquid Deliquescence Summary

lonic Liquid RH Deliquescence Time
MA]z[Mal] 69% Y 100 secs
[

[MP][Ace] 48% Y 16 mins
Comim][CI 48% Y <1sec
[ [

[Camim][CI] 48% Y <1sec
[TMA][Ace] 48% Y <1sec
Ch][Ace] 48% Y <1sec
[

Cimim][BF4 48% Y <1sec
[ 1[BF4]

Although the deliquescence process was rapid for most of the ionic liquid
samples studied, the % RH needed for the deliquescence process is relatively high.
The AP-XPS system is capable of water exposures up to a RH ~ 60 %. In order to
obtain a complete picture of where the deliquescence process occurs, an ideal relative
humidity of a solid ionic liquid for AP-XPS analysis would occur around RH ~ 10%.
This would allow the XPS spectra collection to capture the deliquescence process

before, during, and after.

4.3 Deliquescence of 1-Butyl-3-Methylimidazolium Chloride via AP-XPS

The imidazolium based ionic liquids deliquescence immediately before being
exposed to salt solutions with low % RH (RH < 20 %). For this reason, further XPS
characterization of these samples was completed to determine the surface purity and
vacuum compatibility. Based on the results, 1-butyl-3-methylimidazolium chloride,

[Camim][Cl], was used as an initial test of ionic liquid deliquescence using AP-XPS.

4.3.1 Experiemental
1-butyl-3-methylimizolium chloride, [Csmim][ClI], is a white powder-like solid
with a melting point of 338.15 K.(2001 Sheldon CC) The sample was stored in a

vacuum desiccation and used without further purification. The IL was deposited on a
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flame annealled Au foil with a T/C close to the sample. Once deposited, most of the
ionic liquid deliquesced, with only a small visible crystal seen in the droplet. The
sample was immediately transferred into the AP-XPS chamber. The temperature was
controlled using a RKE chiller. Once the instrument was under vacuum, the chiller
was turned on and the sample temperature was set to -5.0 °C. The sample was pumped
in the chamber overnight at this temperature for AP-XPS analysis the following day.

Our lab-based AP-XPS system was used to monitor the deliquescence of
[Csmim][CI]. Electrons were captured at 20 relative to the surface normal. The survey
spectrum was collected at a pass energy of 200 eV while the high resolution spectrum
were collected at a pass energy of 100 eV. All XPS spectra were analysis using peak
fitting software (CasaXPS, v2.3.1.6) with Gaussian-Lorentzian (70-30%) peak fits and
linear background subtraction. The spectra were not referenced to any specific species
to monitor the BE change from a charged solid sample to a liquid sample and then the
effect of water on the BE.

Millipore water in a glass bulb was introduced into our chamber with a
variable leak value. Prior purification of the water was done with three freeze-degas
cycles. The water vapor was increased from 10~ Torr until reaching a maximum
pressure of 1.15 Torr. Throughout the experiment, the sample temperature was held
constant -5.0 °C. XPS spectra was collected in the following order: O 1s, C 1s, N 1s,
Cl 2p, and O 1s. Two O 1s spectra were collected at each pressure to confirm the
sample was at equilibrium. Between pressures, the x-ray source was shut off to limit
the amount of beam exposure time. Based on the N 1s spectra, there was no apparent

beam damage through ut the duration of the experiment.
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Figure 4.5: Images captured when [Csmim][CI] was first pumped down in AP-XPS
chamber at 22 °C (a) and after pumping in AP-XPS chamber overnight at
-5 °C (b).

Figure 4.5 shows the images captured of the [Csmim][CI] droplet when it was
first pumped down in the chamber at 22 °C (a) and after pumping overnight at -5 °C
(b). When the sample is first pumped down in the chamber at a base pressure of 6 X
108 Torr and 22 °C, [Camim][CI] is both a solid (white) and liquid (yellow). The
sample temperature was then set to — 5 °C and left to pump in vacuum overnight. The
following day, the sample was completely a solid which was confirmed by visibly
looking at the sample and by collecting C 1s XPS spectra at multiple spots. When
collecting XPS sample, the aliphatic carbon chain, Cay, was seen at a charged BE of

295.6 eV.

4.3.2 Isotherm of Interfacial Water Sorption
After confirming [Camim][CI] was a solid at 4.5 x 10 Torr and -5 °C, XPS

spectra was collected. To confirm the purity of the sample, the survey spectrum was
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captured at 4.5 x 10 Torr and is shown in Figure 4.6 along with the chemical
structure. The survey spectrum contains CI 2p, Cl 2s, C 1s, and N 1s, which are all
present in the chemical structure of [Csmim][ClI]. The survey spectrum also shows a
large O 1s peak, which is a contamination with the interfacial region. This
contamination may be due to physisorbed water within the IL that has risen to the
surface when the sample was pumped down or water that has condensed onto the
surface of the ionic liquid. The amount of O 1s present at the beginning of the
experiment was noted and monitored, with no change in this species from 102 Torr to

0.10 Torr.
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Figure 4.6: Survey spectrum of solid [Csmim][CI] collected at -5.0 °C and 4.5 x 108
Torr along with the chemical structure.

The high-resolution spectra of C 1s (a), N 1s (b), and CI 2p (c) are shown in

Figure 4.7. The C 1s spectrum was fit with three components that are color coded to
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match the chemical structure. From low to high binding energy, the carbon species are
Caikyl (blue), Cring (red), and Cox (green) at 295.6, 296.8, and 297.7 eV, respectively.
The peak area ratio of Caiyi:Cring:Cox IS 3:4:1, confirming the purity of the solid IL.
The N 1s spectrum shows one component at 412.4 eV which represents the nitrogen
on the imidazolium ring. The CI 2p spectrum shows a doublet for 2p(3/2) and 2p(1/2)
spins with a separation of 1.6 eV. The CI 2p(3/2) is seen at 207.8 eV for the solid
[Csmim][CI]. In addition, a very small O 1s component was seen where the spectra
had one main component and a small shoulder at lower binding energy. As noted
previously, the size of these components did not change from pressures up to 0.1 Torr.
At pressures > 1.1 Torr, the small shoulder is no longer present and growth is noted in
the main O 1s peak, called Ow. This species is believed to be interfacial water, with
growth seen as more water is introduced into the system. The width of the O 1s
species Ow was constrained between 1.4 < FWHM < 1.5 through the experiment. This

constraint agrees with fittings used for our [Csmim][Ace] experiments.
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Figure 4.7:  [Camim][ClI] high resolution spectra of C 1s (a), N 1s (b), and CI 2p (c).
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After confirming the purity of [Csmim][Cl], water was introduced into the
chamber starting with 1.0 x 10 Torr. The water was systematically increased and
XPS spectra was collected at each water vapor pressure, with the maximum water
vapor pressure of 1.15 Torr. The isotherm of water uptake in [Csmim][CI] is shown in
Figure 4.8 using both the initial O 1s spectrum (red) and the final O 1s spectrum
(blue). The water mole fraction was calculated by using the Nring and Ow peak areas at

each water vapor pressure, as described in Chapter 3.
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Figure 4.8: Isotherm of water uptake into [Csmim][CI] quantifying the initial O 1s
spectrum (red) and the final O 1s spectrum (blue) at -5 °C.

Initially, there is a small amount of water, xw = 0.36, present in the
[Camim][Cl] at water vapor pressures > 0.1 Torr. At 0.25 Torr, the amount of water
within the sample increases to xw = 0.48; however, the IL is visibly still a solid.

Immediately at a water vapor exposure of 0.5, the ionic liquid is a liquid with xw =
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0.65. This water vapor pressure is equivalent to a relative humidity of 17.1 % at -5 °C.
As the IL is further exposed to higher water vapor pressure, the amount of water
within the interfacial region continues to increase, with a maximum xw = 0.76 at the
maximum water vapor pressure of 1.1 Torr. Another point to note is the agreement
between the initial and final O 1s spectra, the beginning and end O 1s spectrum were
collected ~ 50 minutes apart from one another. At each water vapor pressure, the xw
overlaps when using the beginning or ending O 1s spectrum. This agreement shows
that at each water vapor pressure, the system has reached equilibrium within the first 8
minutes O 1s spectra. Also, the deliquescence process at 0.5 Torr does not show any
time dependence, indicating the rapid (within one 8 minute AP-XPS spectrum
collection) deliquescence of [Camim][Cl] at RH = 17.1%.

The qualitative assessment of the deliquescence of [C4smim][CI] is shown in
Figure 4.9. At a water vapor exposure of 0.25 Torr (RH = 8.53%) in Figure 4.9 (a), the
IL is still a solid. This is apparent in the white reflective areas of the IL. Immediately
after exposing the IL to 0.50 Torr (RH =17.1%) in Figure 4.9 (b), the sample is
completely a yellow liquid. The liquid appearance has been confirmed with other ILs
in the AP-XPS chamber. This qualitative assessment further confirms that the

deliquescence process of [Camim][CI] occurs between 8.53 < % RH < 17.1.
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Figure 4.9: Images captured of [Csmim][CI] -water system as a solid in the lab-based
AP-XPS at 0.25 Torr (a) and liquid at 0.50 Torr (b).

To better assess the exact deliquescence point of [Csmim][Cl], the water vapor
needs to be introduced into the AP-XPS chamber at smaller water vapor pressure
increments between 0.25 and 0.5 Torr. While this task seems simple, the
deliquescence process of this sample was not reversible when water was removed
from the chamber. Due to this reason, the exact % RH need for deliquescence was not
determined. As discussed in Chapter 3, to solidify this particular IL one must have a
small seed present in the sample to have it return form a liquid to a solid. Once the IL
deliquesced, the IL is completely a liquid, with no solid seed present in the droplet.
For this reason, even with the removal of water from the AP-XPS chamber, the IL

remains a liquid.
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Figure 4.10: Vacuum O 1s spectrum before water exposure (gray) and after water
exposure (black) of [Camim][CI] at -5 °C.

At the end of the experiment when water is removed from the chamber, an O
1s spectrum is collected. A comparison of the vacuum O 1s spectrum before (gray)
and after (black) water exposure is shown in Figure 4.10. The binding energy of both
of these O 1s peaks are drastically different. As a solid IL (gray) the O 1s peak is at
543.9 eV while the liquid IL (black) shows a peak at 537.5 eV. As stated previously,
this difference in binding energy is due to the phase change of the IL, where the solid
IL will show a peak at higher binding energy. Also, the initial vacuum O 1s spectrum
(gray) shows a larger peak than the O 1s spectrum collected after water exposure
(black). This may be due to waters ability to easily escape the IL when it is a liquid
rather than a solid. It has been stated that at the beginning of the water, it is believed
the O 1s contamination is due to physiosorbed water that is trapped within the

interfacial region. At the end of the experiment, this physiosorbed water is still trapped
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but the phase change of the IL from solid to liquid allows some of that physiosorbed
water to escape.

Although the exact deliquescence point was not determined, other assessments
within the data was determined including changing the other elements present in the

sample as well as chemical shifting.

4.3.3 Chemical Shifts due to Charge Dissipation

Prior to deliquescence, changes in the AP-XPS were noted in all species (C 1s,
N 1s, and CI 2p) present in the IL. As an example, the C 1s spectrum collected as a
function of increasing % RH is shown in Figure 4.11. The initial vacuum spectrum
collected at 4.5 x 10 Torr, is shifted to higher binding energy. As the sample is
exposed to increasing water vapor, the C 1s spectrum shifts to lower binding energy.

While still a solid, the C 1s spectra shifts ~ 5.9 eV from vacuum to 0.25 Torr.

Increasing % RH

-

XPS Intensity (Arb. Units)

300 298 296 294 292 290 288 286
Binding Energy (eV)

Figure 4.11: C 1s spectra of [C4smim][CI] showing chemical shift in the presence of
water due to charge dissipation.
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As noted above, this behavior is seen in all species (C 1s, N 1s, and CI 2p) in
Figure 4.12. At water vapor exposures > 0.25 Torr, the IL is still a solid. For the C 1s
species (Caikyi, Cring, and Cox), the average shift from vacuum to 0.25 Torr is 5.97 £
0.06 eV. The shift in the Nring and CI 2p(3/2) component is 5.97 eV and 5.80 eV,
respectively. As one can see, within this pressure regime when the IL is a solid, all
species experience the same charging effect that shifts to lower binding energy with

the addition of more water vapor.
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Figure 4.12: Binding energy shifts (ABE) relative to high vacuum spectrum of
[Camim][CI] as a function of water vapor pressure.

This type of behavior has been noted heavily in literature for the deliquescence
process of salts. The chemical shifting to lower binding energy in the presence of
increasing water vapor is due to charge dissipation. When water is initially introduced
to the ionic liquid environment, the water solvates the surface ions. This leads to a

change in surface ion mobility, which is represented by a shift to lower binding energy
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in the AP-XPS spectra as the relative humidity is increased. Once the surface ions are
solvated, the addition of more water leads to the solvation of the bulk IL and is
represented by the deliquescence point. At this point, the solid IL is now a liquid.
While this phenomenal has been well studied for different salts, this is the first time it
IS being studied with a solid IL sample.

For [Csmim][ClI], the deliquescence point is seen in the presence of a water
vapor pressure of 0.5 Torr. However, the actual deliquescence point is somewhere in
between 8.5 <% RH < 17.1. A more diligent experiment at water vapor pressures
between 0.25 and 0.5 Torr is needed to pinpoint the exact deliquescence point of this
particular IL.

As will be discussed in the next section, an opposite trend in chemical shifts is
seen for all species once the IL has passed its deliquescence point. After this transition
from a solid to a liquid, the IL now as the ability to uptake water and behaviors like
other liquid ILs in the presence of water vapor. A detailed discussion on this

phenomenal is below.

4.3.4 Chemical Shifts due to Interfacial Water Sorption

Once the IL has deliquesced (liquefied), the BE shift of each species (C 1s, N
1s, and CI 2p) is drastically different, where the shift now increases with increasing
water vapor pressure. To assess the chemical shifting due to uptake of interfacial
water, all chemical species were charge corrected to the Cay peak at 285.0 eV. This
correction was applied due to it being used as a reference in literature and the most
hydrophobic species in the IL, meaning water will have the least effect on it.”° Once
charge corrected, the BE changes of all other species present in the C 1s, N 1s, Cl 2p,

and O 1s were assessed as a function of water vapor.
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A subset of XPS CI 2p spectra between 0.25 to 1.1.5 Torr is shown in Figure
4.13. A dashed line is used to highlight the shift from 0.25 Torr to 1.15 Torr. At 0.25
Torr, the IL is solid and the ClI 2p (3/2) peak is at 197.3 eV. Immediately after
deliquescence, the liquid IL shows a Cl 2p (3/2) peak position at 197.5 eV. This is a
increase in BE of 0.2 eV. As the water vapor is increased, the BE shift of the Cl 2p
(3/2) component continues to increase. At the maximum water vapor pressure of 1.15
Torr, the CI 2p (3/2) peak position is at 197.7 eV. Overall, the BE shift in the ClI 2p

(3/2) component due to water is ~ 0.5 eV.

XPS Intensity (Arb. Units)

202 200 198 196 194
Binding Energy (eV)

Figure 4.13: CI 2p spectrum of [C4smim][CI] showing chemical shift due to interfacial
water uptake.
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In addition, the BE shift of all species as a function of water vapor pressure is
shown in Figure 4.14. In this figure, all the chemical species experience different
magnitude of shifting with water vapor pressure. The largest shift is seen in the Cl 2p
(3/2) component. This component is the only representation of the chloride anion. All
other species (Cox, Cring, Nring) shift to similar magnitudes that are greater than the
Caiyi component. All three of these components represent the imidazolium cation. The
Ow component represents the interfacial water within the interfacial region and shifts
with the imidazolium cation species. Finally, the Cayi component (used as a
reference), shifts the least. Again, this is expected due to it being the most
hydrophobic portion of the imidazolium ionic liquid. Hence, the component to that is

the least effected by the presence of water.
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Figure 4.14: Binding energy shifts (ABE) of species in [Csmim][ClI] relative to the
spectrum collected at 0.25 Torr as a function of water vapor pressure.
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Now instead of the IL shifting due to charge compensation, the chemical
species in the IL are shifting to higher binding energy due to its interaction with
interfacial water molecules This phenomenal has been seen in our previous studies of
hydrophilic ionic liquid and water.!” Using AP-XPS, we found that the presence of
water lead to large BE shifts in the acetate anion and smaller shifts in the imidazolium
cation species. The same phenomenal is seen with this hydrophilic IL, [Csmim][ClI].
Once a liquid, the species present in the IL shift differently with the largest shift in the
anion species. The anion is the portion of the IL that interacts the strongest with water
molecules. Therefore, it makes sense that this species would have the largest chemical
shift as water is added to the system. In addition, the water molecules would then
interact with the imidazolium cation. This is represented in shifts in the Nring, Cox, and
Cring components. Finally, the most hydrophobic species (Caiyi), Will be the species
least effected by the presence of water.

In literature, ATR-IR and NMR studies water and ionic liquid have shown that
increasing water concentration leads to shifting in IL species.'3%133 In these studies,
IR well-defined spectral shifts were supported with density functional theory (DFT)
calculations to show a direct correlation to hydrogen bond interactions between the IL
and water. In an experimental and theoretical study of [Comim][Ace] and water,
spectral shifts in the OH stretching vibration of water and COO- band of
[Camim][Ace] with increasing water were seen in experimental ATR-IR data.”® To
understand these shifts, DFT was used to calculate O-H frequencies of [Comim][Ace]
and water in different optimized configurations. The DFT results showed that the
shifts were larger when the interaction was between the anion-water instead of cation-

water, verifying that the anion plays a major role in the IL-water interaction. The DFT
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results also confirmed that the hydrogen bonding between acetate anion and water
increases with water concentration. In a more recent study of [Camim][Ace] and
water, DFT calculations were used to assign vibrational modes of the IL and obtain
information about the experimental spectral shifts with increasing water
concentration.33 In a similarly manner to the previous study, the computational results
showed the spectral shifts in the COO- stretching vibrational modes were most likely
due to strong hydrogen bond interaction between the acetate anion and water.
Experimental IR studies that use DFT to understand spectral shift, as presented above,
look at bulk water absorption. On the contrary, the APXPS data shows spectral shifts
at the top few nanometers of the IL-vapor interface. In a similar manner to the IR
studies, DFT will be used to correlate the APXPS spectral shifts to further confirm the
shifting of different species is due to the strength of the interaction of water with both

the anion and cation.

4.3.5 Changes in the C 1s Spectra

In addition to chemical shifts in all species as a function of increasing water,
changes in the C 1s spectra as a function of increasing water was also apparent. The
XPS spectra of a subsest of C 1s is shown in Figure 4.15. The bottom spectra at 4.5 x
108 Torr shows the C 1s spectrum prior to water exposure while the sample is a solid.
The shape of this spectra is expected and represents the 3:4:1 ratio of the Caikyi, Cring,
and Cox. The next spectra at 0.5 Torr, is the first C 1s spectrum after the sample
deliquesces. In this spectrum, the carbon spectrum is relatively the same as the initial
spectrum showing a 3:4:1 ratio of the carbon species in the IL. As the water vapor
pressure increases, the carbon spectrum shows changes. At 0.75 Torr, the Caiyl

component at the lower binding energy grows. This behavior was seen in the
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[Csmim][Ace] IL with increasing water vapor pressure and has been attributed to
structural changes at the interface. However, at the highest water vapor pressure of

1.15 Torr, the carbon spectrum returns back to the original shape.
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Figure 4.15: C 1s spectrum of [Csmim][Cl] as a function of water vapor pressure.

To further investigate the change in the C 1s spectra as a function of increasing
water, the ratio of aliphatic carbon component (Caiyi) to the total carbon species (Crot)
is plotted in Figure 4.16. While the IL is a solid at pressures from 4.5 x 10 Torr to
0.01 Torr, the Caikyi:Crot ~ 0.49. Although the sample is still a solid, this ratio is

slightly less at pressures of 0.1 and 0.25 Torr at Caikyi:C1ot ~ 0.35. This change in the
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ratio may be due to initial carbon contamination on the surface of the IL while it is a
solid. At the initial deliquesce pressure of 0.5 Torr or nw:niL ~ 2, the Caikyi:Crot ~ 0.35.
As the water vapor continues to increase and the number of water molecules around
each ionic liquid pair reaches ~ 4, the ratio of Cakyi:Crot increases linearly. At the final

water vapor pressure of 1.1 Torr, the Caikyi:Crot ~ 0.46.
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Figure 4.16: Ratio of Caikyi/Crot as a function of nw/ni. for [Camim][Cl].

This change in the C 1s spectrum has been seen in our previous experiments
with [Camim][Ace] as a liquid IL and water. The initial drop in the Caikyi:Ctot ratio
while the IL is a solid may be due to the desorption of carbon contamination that was
on the surface of the solid IL. After deliquescence, the increase of this ratio may be
due to restructuring at the IL interface. We believe this restructuring shows the
hydrophobic alkyl chain at the outmost surface at the IL-vapor interface while the
hydrophilic anion, imidazolium ring, and water molecules are within the interlayer of

the interface. To further confirm this, molecular dynamic studies of the interfacial
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region are needed. Experimentally, depth profiling of the [Csmim][CI] IL and water

could also provide insight on the structural of the interface.
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Chapter 5

SUMMARY AND FUTURE OUTLOOK

Several capabilities of our custom-built lab-based AP-XPS chamber were
shown using both a solid and liquid sample. A solid silver foil was used to test the
optimal sample-to-aperture distance to obtain highest XPS signal. In this initial
experiment, all three collection modes (angular, transmission, and acceleration)
obtained similar optimal sample-to-aperture distances of 560 pum. For all future solid
samples, this distance is set by touching the aperture to the sample and moving away
in the x direction 560 pum.

The horizontal position of the AP-XPS chamber (which sets it apart from other
systems) allows one to study liquid samples including ionic liquids. An attempt at
obtaining angle resolved data for water exposure on an IL sample was made. In these
experiments, both the angular and acceleration modes were used to determine if an
enhancement of water is recognized in the presence of 0.8 Torr at different collection
angles. Using the angular collection mode, a flat Au foil with a IL droplet was used
and showed no enhancement at either collection angle. The initial experiment using a
flat Au foil collected in acceleration mode also showed that tilting the sample between
20 ° < © <35 ° did not lead to an enhancement in the water or carbon species. Finally,
attempting to physically bend the Au foil along with tilting the sample holder to obtain
a more surface sensitive angle of © = 64 ° did not show an enhancement in the Cakyi Or

Ow components. For future studies, one can further attempt to bend the Au foil to a
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more upright position along with tilting the sample holder. A collection angle of © =
80 ° is necessary to obtain surface sensitive angle-resolved XPS data.

A QMS MS was also attached to our instrument in two different positions:
Stage 0 (high pressure zone) and Stage 2. The performance of this MS was studied in
the presence of water vapor at both stages. When the MS is located at Stage 0, the MS
reaches its maximum response at a water vapor pressure of 1.00 x 10 Torr. The mass
spectrometers performance is much better when positioned at Stage 2. At the
maximum water vapor pressure of 5.0 Torr, the mass spectrometer detects a maximum
pressure of 2.64 x 10 Torr at m/z = 17.94. When positioned at Stage 2, the mass
spectrometer can be used throughout an entire typical experiment conducted using
water vapor. Using this mass spectrometer in the presence of water vapor will allow us
to study any interesting chemistry that would occur on species with a m/z between 0
and 100 amu.

We studied water uptake of [Casmim][Ace] using AP-XPS. Interfacial water
uptake occurred within 11.0 minutes, which is the time it took to collect the O 1s
spectra. Interfacial water uptake is instantaneous compared to gravimetric results that
show absorption of water on the order of several hours. Other models have suggested
bulk uptake occurs within several hours of exposure.®> We also showed the uptake of
water into [Csmim][Ace] was reversible by collecting spectra immediately after
pumping water vapor out of the AP-XPS chamber. The addition of water into the
interfacial region leads to XPS spectral shifts to higher binding energies for all XPS
peaks relative to Cakyi. The magnitude of the binding energy shifts are consistent with
stronger water-acetate interactions compared to water-imidazolium cation interactions,

driven mainly by hydrogen bonding interactions at the IL-vapor interface. An increase
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in the Caiy signal at xw > 0.6 was observed and is attributed to a water induced
structural change that leads to an enhanced concentration of hydrophobic
nanostructures in the I1L-gas interfacial region.

We have also studied the interfacial water uptake into [Comim][BF4], a more
hydrophobic ionic liquid. This sample contained an oxygen contamination that was
remained after heating cycles as well as pumping under vacuum for several days. In
comparison to [Camim][Ace], [Comim][BF4] uptakes approximately half the amount
of water at 2.5 Torr. With support from literature, this confirms that this sample is a lot
less hydrophilic than other anions. It also sets the standard, for XPS analysis of ILs
with water in the lab-based AP-XPS system. The valence band collection of
[Comim][BF4] was also collected with and without water. Both spectra showed similar
results.

The liquid-vapor interface of water and [Csmim][Ace] as a function of
temperature was studied using AP-XPS. The interfacial water uptake increased with
decreasing temperature, with a maximum water mole fraction xw = 0.90 at 0 °C. The
enthalpy of interfacial water uptake, AH, was determined between 0.4 < xw < 0.85. At
Xw < 0.7, there is a favorable dipole-ion interaction between the water and acetate
anion. At xw > 0.70, the AH for interfacial water uptake approaches the enthalpy of
vaporization for bulk water, leading to water-water interactions. Increasing water
vapor pressure induced binding energy shifts for each component in all isotherms. A
further assessment of the magnitude of these shifts is needed and can be evaluated
with DFT core level shift studies. A growth in the Caky component at xw > 0.6 may be
due to nanostructuring of hydrophilic and hydrophobic components within the

interfacial region.
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The water uptake into [Csmim][Ace] using AP-XPS and gravimetric analysis
from 0 - 42 °C within RH range of 0 — 56 % was explored. Five isotherms were
collected using AP-XPS and three isotherms were collected using gravimetric
analysis, where both showed water uptake increased with decreasing temperature. An
overlap of RH plots for both AP-XPS and gravimetric isotherms confirmed that water
sorption was the only factor contributing to the uptake and within this RH range, and
that there is more water in the interfacial region. Further analysis of the
thermodynamics of water uptake into IL at both regions showed the enthalpy of
sorption, AH® was similar from 0.5 < xw < 0.75 and more favorable at the interfacial
region at xw < 0.5. Both the interfacial and bulk region were initially favorable at low
water mole fraction and approached the enthalpy of bulk water as more water was
introduced to the system.

The entropy of sorption, AS® at the interfacial and bulk regions was also
similar at xw < 0.55, and more favorable in the bulk region at xw > 0.55. However,
both calculated AS® values as a function of water mole fraction were greater than the
entropy of bulk water. Using both AH° and AS® plots, the Gibbs free energy, AG°®, was
determined at 20 °C from 0.4 < xw < 0.75. Both the interfacial and bulk AG® followed
the same trend, where the addition of water led to an increase in AG®°. Within this xw
range, AG° was more favorable at the interfacial range.

The energetics of water uptake into the interfacial region of [Csmim][CI] was
also determined and compared to the energetics of [Csmim][Ace] within the interfacial
region. While both ILs are considered hydrophilic and had similar uptake curves, the
energetics were drastically different. The energetics (AH, AS, AG) were relatively

unchanged within 0.4 < xw < 0.6 with AH ~ -36.9 = 3.0 kJ/mol, AS ~-68.4 + 13.7
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J/mol, AG ~ - 16.9 £ 1.0 kJ/mol. The trend may be different due to structural
differences at the interfacial regions for the two different ILs. Bulk energetics of water
into [C4mim][CI] would be a nice compliment to this data and provide additional
information on the different trend in energetics.

The deliquescence of several ILs was studied using a saturated salt solution in
a controlled environment in order to determine an ideal IL for AP-XPS analysis with
water vapor. Of the seven IL that were studied, most of the IL had deliquesence
processes that were too rapid to monitor. While other IL studied has deliquescence
points with % RH that were too high to monitor in the AP-XPS system. After several
IL were studied, the [C4smim][CI] IL was chosen for further AP-XPS analysis.

The deliquescence of [Csmim][CI] with water vapor at -5 °C was monitored
using lab-based AP-XPS. The deliquescence point was determined to be between 7.9
<% RH < 15.8. In order to determine the exact deliquescence point of this IL, more
diligent collection of spectra between water pressures of 0.25 and 0.5 Torr are needed.
After the deliquescence point, the amount of water uptake increases to a maximum Xw
~ 0.77. This water uptake was also reversible.

Similarly to other water uptake experiments, the species in [Csmim][Cl] did
shift with increased water vapor pressure, where the largest shift was seen in the
hydrophilic CI- anion. We also observed changes in the carbon spectra as a function of
increasing water vapor pressure. The initial changes in the C 1s spectra may be due to
carbon contamination desorbing for the surface of the solid IL. The changes in the
carbon spectra as a function of increasing water vapor may be due to restructuring at

the interface. This can be confirmed with MD studies of the interfacial region as a
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function of water vapor or by conducting depth profiling of the interfacial region using

a synchrotron AP-XPS system.
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