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Investigation of Interfaces of lonic Liquid via Kelvin Probe Force
Microscopy at Room Temperature
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Abstract: The alignment of the ionic liquid (IL) cation and anion at the interface is of interest because it would
affect the surface structures and properties of IL at the interfaces. In this study, Kelvin probe force microscopy
(KPFM), a scanning probe microscopy technique, was used to investigate the interfacial properties of the IL at
room temperature. A model molecule, 1-butyl-3-methylimidazolium chloride ([Bmim]CI), was selectively
assembled on the lyophilic chemical patterns prepared on a substrate, forming ultrathin solid-like adsorbate
layers and droplets. Because the surface potential is a direct indicator of the surface dipole, which is useful for
examining molecular orientation, the surface potential maps captured by KPFM indicated that the [Bmim]CI
molecules demonstrated different orientations at the gas-liquid interface (in the form of a droplet) and at the gas-
solid interface (in the form of a solid-like adsorbate layer). Our results indicate that KPFM has potential for the
characterization of IL molecular alignment at interfaces.
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1 Introduction

Studies have revealed that the improvements of ionic liquid (IL)
interfacial properties can be affected by the alignment of IL cat-
ions and anions. While the IL surface structures influence ad-
sorption and desorption phenomena as well as mass transport',
they also influence IL applications in engineering’, analytical
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chemistry®, and nanoparticle synthesis™. Some experimental

techniques, such as direct recoil spectrometry™, neutron and X-ray
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reflectivity”™", sum frequency generation vibrational spectrosco-
py", and also photoelectron spectroscopy techniques', have been
used to understand the surface structure in ionic liquids at the
interface, although further complex data analyses are required for
those techniques.

As a scanning probe microscopy technique, Kelvin probe force
microscopy (KPFM) allows imaging of local sample surface
potential. The surface potential is a direct indicator of the surface
dipole, which is useful for examing molecular orientation". In
this paper, KPFM was applied to characterize the surface potential
of IL at the interface. IL droplets and IL ultrathin adsorbate layer
were specifically adsorbed on the chemically modified surface.
The alignment of IL ions at the gas-liquid interface was used to
compare against that of IL ions at the gas-solid interface. Our
results indicate that the preferential arrangement of the IL ions at
the gas-liquid interface is different from that at the gas-solid in-
terface, and KPFM has potential for the characterization of IL
molecular arrangement at the interface.

2 Materials and methods

2.1 Materials
Octadecyltrichlorosilane (OTS, 97% ) was purchased from
Gelest (United States). Toluene (99.8% ) was purchased from
Fisher Scientific (United States). 1-butyl-3-methylimidazolium
chloride ([Bmim]Cl, = 99.0%), sulfuric acid (95%—98%), hy-
drogen peroxide (30% (w)), and ultraflat silicon (100) wafers (N-
type) were purchased from Sigma-Aldrich (United States).
2.2
Surface patterns were fabricated using an Agilent (United
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States) PicoPlus 3000 atomic force microscope (AFM) in an
environmental chamber. MikroMasch (United States) CSC-17/Ti-
Pt tips were employed for pattern fabrication. MikroMasch NSC-
14 tips (150 kHz resonant frequency) were used in IL-coated
chemical patterns’ characterization in alternating current (AC)
mode. During imaging, the imaging amplitude set point was varied
so that the tip tapped the surface gently. The conducting high-
aspect-ratio Ag,Ga tip (from NaugaNeedles, United States) and
Veeco (United States) Multimode AFM (J scanner, working in the
surface potential mode) were used for KPFM characterization. The
sample was ground. The Ag.Ga tip was held at 4 nm above the
surface, with a 10 V AC amplitude applied on the tip. During
KPFM characterization, the topography and surface potential
images were acquired simultaneously. All AFM images were
processed and rendered using WSxM".

2.3 Coating IL on chemical patterns

Silicon (100) wafers were cut into 1 cm x 1 cm pieces. The
wafer samples were cleaned by piranha solution (1 part of H,SO,
and 2 parts of H,O,) at 125 °C for 15 min. After rinsing the
samples in deionized water and drying in an ultrapure nitrogen
environment, the cleaned samples were immersed in a 5 mmol - L™
OTS toluene solution for 12 h at 25 °C in order to form an OTS
film on the sample surface'.

A Mikromasch-type CSC17 platinum- titanium-coated con-
ductive AFM tip was used in the pattern fabrication process and
was connected to the virtual ground. During fabrication, a 5 to 10
V direct current (DC) bias was applied to the OTS coated Si wafer.
In this case, the Pt-Ti-coated tip acted as the cathode, and the OTS
wafer acted as the anode. Since the voltage applied is higher than
the water electrolysis reaction needs (1.23 V), the water between
the tip and the sample was electrolyzed, generating active oxygen
species such as ozone, atomic oxygen, and hydroxyl radical,
which can oxidize the methyl-terminated OTS film to carboxylic
acid-terminated patterns. This partially degraded OTS pattern is
called an OTSpd pattern'”". Fig.1(a) is a representative topog-
raphy image of OTSpd patterns. It shows that there are bright
spots in the center of the OTSpd patterns. These peaks are SiO,,
which is formed due to the deep oxidation directly under the in-
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(a) Topography image of an array of octadecyltrichlorosilane (OTS) partially degraded (OTSpd) patterns;

(b) topography channel cross-sectional profile, corresponding to the cyan line shown in (a), indicating the depth of
the OTSpd disk (1.07 nm) lower than that of the OTS background
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tense electric field”. The depth of OTSpd measured from the
topography channel cross-sectional profile (Fig.1(b)) (1.07 nm)
is lower than that of the OTS background.

In a sealed vial, 5 g [Bmim]CI powder was heated to 120 °C and
then cooled to room temperature. After cooling, [Bmim]Cl in the
vial existed as a viscous super-cooled liquid at 25 °C. A drop of
liquid [Bmim]Cl was then placed on the newly prepared OTSpd
pattern area for 1 min, and a pipette was used to remove the IL drop
from the sample surface. The OTSpd pattern is a high energy,
lyophilic surface whereas the OTS background is a methyl- ter-
minated, low energy, lyophobic surface. Based on the wetting-
driven assembly approach®, IL can be only assembled on the
OTSpd patterns due to the contrast in surface energy”*. Two types
of patterns associated with ionic liquid can be formed, including
ultrathin interfacial IL layers adsorbed on OTSpd discs (Scheme 1,
(a) — (b)), as well as IL droplets assembled on the OTSpd discs
(Scheme 1, (a) — (c)). These two types of patterns are intermixed
with each other on the sample surface. Since [Bmim]Cl is miscible
with water, when the sample surface with IL adsorbate layers/
droplets was immersed in water, all the materials on the OTSpd disc
areas disappeared, indicating that the substances assembled on the
OTSpd patterns were [Bmim]Cl.

(a)

IL directly contacts the
OTSpd pattern areas

3 Results and discussion

A Vecco Multimode AFM was used to perform surface potential
measurements. KPFM maps the surface potential distribution over
the surface, which could provide information in the preferential
arrangement of the IL ions at the interface™. [Bmim]Cl was
studied in this report because [Bmim]Cl has large viscosity
compared with other ionic liquids.

As Fig.2 demonstrates, the height of the IL adsorbate layer on
the OTSpd pattern (0.46 nm) is higher than that of the OTS
background. Since the OTSpd pattern is 1.07 nm below the OTS
background, the actual thickness of the IL adsorbate layer can be
calculated as 1.53 nm. In the surface potential channel cross-
sectional profile (blue line in Fig.2(c), the surface potential over
the ultrathin IL adsorbate layer has a value of 10 mV higher than
that of the OTS background. Since IL does not adsorb on the low-
energy OTS surface, the surface potential of methyl terminated
OTS film can be used as an internal reference for comparison of
the surface properties of the OTSpd-IL patterns.

In the work of Yokota et al.*, flat substrates of highly ordered
pyrolytic graphite (HOPG) and mica were immersed under ILs,
and the solid-like layered structure at ionic liquid/substrates in-
terface was observed directly via AFM. It is believed that beyond
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Scheme 1 Preparation of OTSpd patterns on the OTS surface and subsequent 1-butyl-3-methylimidazolium chloride ([Bmim]CI)

adsorption on the OTSpd patterns

(a) fabrication of OTSpd patterns on the OTS film using atomic force microscope (AFM) deep oxidation lithography. [Bmim]Cl in liquid phase was placed on the OTSpd

pattern area and selectively assembled on the lyophic OTSpd patterns, forming ultrathin ionic liquid (IL) adsorbate layers (b) and IL droplets (c).
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Fig.2 (a) Topography image of the [Bmim|Cl ultrathin adsorbate layer coated on the OTSpd pattern; (b) surface potential map

corresponding to the topography image in (a); (c) topography (black line) and surface potential (blue line) channel cross-sectional

profiles corresponding to the cyan lines shown in (a) and (b)
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this solid-like thin layer, the ionic liquid adopts essentially the
bulk structure (in liquid phase)®. Our observation is consistent
with those studies. Fig.3(a) is a representative AFM topography
image, which shows an IL droplet sitting on an IL adsorbate layer
that was bound on the carboxylic acid-terminated OTSpd surface.
Although the color contrast difference between the OTS back-
ground and the IL adsorbate can be barely observed in AFM to-
pography image due to the small height difference between the
OTS background and the IL adsorbate layer with a 260 nm color
scale, the height cross-sectional profile, corresponding to the cyan
line in Fig.3(a) indicating that the height of the IL adsorbate layer
is 0.47 nm, which is consistent with the height value observed in
Fig.2. In addition, from the AFM phase image (Fig.3(b)), the
phase contrast difference among the IL adsorbate layer, IL droplet,
and the OTS background can be clearly observed revealing that
they have different chemical properties. Therefore, from both
AFM topography and phase signals, we can conclude that if the
IL droplet is formed by using approach demonstrated in Scheme
1 (a — c), it sits on the IL adsorbate layer that is bound the OTSpd
surface instead of contacting the OTSpd substrate directly.
During AFM probe scanning, the amplitude set point led to the
AFM tip tap on the IL and interacted with the IL. Both topography
and phase signal oscillations in Fig.3 were observed when the tip
scanned over the droplet. The oscillation indicates that the droplet

was still fluidic. In comparison, under the same amplitude set
point, the AFM scan lines over the IL adsorbate layer and the OTS
film background, in both Fig.2 and Fig.3, did not show any os-
cillation because both of the IL adsorbate layer and the OTS film
background were in solid phase. Because IL adsorbate layers
demonstrated in Fig.2 and Fig.3 are in solid phase, and both of
them possess a same topography height above the OTS back-
ground, it is able for us to conclude that both IL adsorbate layer
shown in Fig.2 and Fig.3 have the same surface characteristics
including the surface potential feature.

Fig.4(a) shows another representative IL drop adsorbed on an
OTSpd pattern via route (a) — (c) (Scheme 1), appearing as a
white bump. Fig.4(b) is the surface potential map of the IL drop
corresponding to Fig.4(a). On the surface potential map, the
brighter area corresponds to a larger work function; therefore, the
work function on the IL drop is much smaller than the supporting
material, methyl terminated OTS surface. As shown in the cross-
sectional profile (Fig.4(c)), the [Bmim]Cl droplet has a surface
potential of —480 mV and a height value of 24 nm with respect to
the OTS background. The surface potential map provides us in-
formation that the arrangement of IL cations and anions at the gas-
liquid interface is transformed compare to that at the gas-solid
interface (IL adsorbate layer on the OTSpd pattern discs). This
experimental result is consistent with Cremer’s work', in which the
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Fig.3 IL droplet sits on the OTSpd pattern (a, b) and height cross-sectional profile (c)

(a) topography image of a [Bmim]Cl droplet on OTSpd. (b) phase image corresponding to the topography image in (a). The phase signals are different for the IL adsorbate

layer, IL droplet, and OTS background. Therefore, they have different surface structure. (¢) Height cross-sectional profile shows that the IL adsorbate

layer underneath the IL droplet is 0.47 nm higher than the OTS background. color online
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Fig.4 (a) Topography image of the [Bmim]Cl IL droplet assembled on the OTSpd pattern; (b) surface potential map corresponding to

the topography image in (a); (c) topography (black line) and surface potential (blue line) channel cross-sectional profiles corresponding to

the cyan lines shown in (a) and (b)
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arrangement of IL ions on Ni(111) transformed when increasing
the IL surface coverage.

4 Conclusions

In this paper, the alignment of [Bmim]Cl ions at interfaces such
as those of a gas-liquid and a gas-solid has been investigated by
using KPFM. The study demonstrated that KPFM can be used as
a tool to reveal the molecular arrangement of IL at an interface. It
is hoped that this study can provide experimental data for further
theoretical studies. Future directions should include exploring
more varieties of ionic liquids via KPFM and combine this ap-
proach with other techniques, such as sum frequency generation™
or photoelectron spectroscopy”, to identify more precise ar-
rangements and structures of ionic liquids at their interfaces.
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