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Control of the interfacial structures of ionic liquids (ILs) at charged interfaces is important to many of

their applications, including in energy storage solutions, sensors and advanced lubrication technologies

utilising electric fields. In the case of the latter, there is an increasing demand for the study of non-

halogenated ILs, as many fluorinated anions have been found to produce corrosive and toxic halides

under tribological conditions. Here, the interfacial structuring of a series of four imidazolium ILs

([CnC1Im]) of varying alkyl chain lengths (n = 5, 6, 7, 10), with a non-halogenated borate-based anion

([BOB]), have been studied at charged interfaces using sum frequency generation (SFG) spectroscopy

and neutron reflectivity (NR). For all alkyl chain lengths, the SFG spectra show that the cation

imidazolium ring responds to the surface charge by modifying its orientation with respect to the surface

normal. In addition, the combination of SFG spectra with electrochemical NR measurements reveals that

the longest alkyl chain length (n = 10) forms a bilayer structure at all charged interfaces, independent of

the ring orientation. These results demonstrate the tunability of IL interfacial layers through the use of

surface charge, as well as effect of the cation alkyl chain length, and provide valuable insight into the

charge compensation mechanisms of ILs.

1. Introduction

Ionic liquids (ILs) have many properties, such as low vapour
pressures and high thermal stability, which has led them to be
extensively studied for a wide range of applications, including
as lubricants or lubricant additives.1 Moreover, the interfacial
structures of ILs can be modified through control of the surface
charge, providing the potential advantage of tribotronics,

whereby the active control of friction is realised using an
electric field,2 as first demonstrated by Sweeney et al.3 However,
the majority of previous studies have focused on halogenated
anions, which in recent years have come under scrutiny due to
environmental and corrosion concerns. For example, halogenated
anions can lead to severe corrosive wear under tribological
conditions,4 i.e. high pressures and temperatures, leading to
shortened lifetimes of sliding components. Hence, halogen-free
ILs are desirable for lubricant applications. Recently, ILs with
boron-based anions, which exhibit excellent frictional properties,
e.g. lower friction coefficient and wear rates than a commercial
reference oil, have been successfully synthesised.5,6 However, their
friction reduction mechanisms are still to be fully understood.

It is well known that the presence of interfacial molecular
structures can greatly contribute to friction reduction by pre-
venting direct contact of asperities between two sliding surfaces
in boundary lubrication. Therefore, characterisation of molecular
ordering at the solid surface is crucial to the understanding of the
friction reduction mechanism. Many typical cation species of ILs,
including imidazolium, pyrrolidinium, ammonium and phos-
phonium ions, consist of a ring or cation centre decorated with
alkyl chains.7 It has long been known that the length of the alkyl
chains in lubricant boundary layers can play an important role

a Division of Surface and Corrosion Science, School of Engineering Sciences in

Chemistry, Biotechnology and Health, KTH Royal Institute of Technology,

SE-100 44 Stockholm, Sweden. E-mail: mark@kth.se
b ISIS Neutron & Muon Source, Rutherford Appleton Laboratory, STFC, Chilton,

Didcot, OXON OX11 0QX, UK
c System and Component Design, Department of Machine Design,

KTH Royal Institute of Technology, SE-100 44 Stockholm, Sweden
d Department of Electrical Energy, Metals, Mechanical Constructions and Systems,

Ghent University, B-9052 Ghent, Belgium
e Surfaces, Processes and Formulation, RISE Research Institutes of Sweden,

SE-100 44 Stockholm, Sweden
f Laboratoire de Tribologie Dynamique des Systèmes,
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in their friction reduction. In particular, longer alkyl chain cations
are likely to form more densely packed layers due to van der Waals
forces between the alkyl chains which, under tribological conditions,
can prevent the breakdown of boundary film by friction forces.8,9

Previous tribotronic IL studies have also reported that differences
in cation alkyl chain lengths strongly affect their frictional
properties and electric response.10,11 In addition, when the length
of the alkyl chain of the cation becomes significant, other effects can
be driven. Previous measurements using the surface force apparatus
(SFA) by Perkin et al. have shown a transition from a monolayer to
bilayer structure in [C4C1Im][NTf2] and [C6C1Im][NTf2] imidazolium-
based fluorinated ILs, respectively, when they are confined between
two negatively charged mica surfaces.12 Neutron reflectivity (NR)
measurements by Griffin et al. have also shown bilayer structuring
of another imidazolium-based halogenated IL with a longer alkyl
chain cation ([C10C1Im][NTf2]) on an unconfined mica surface.13

Such bilayer-like structures have been previously shown to have
enhanced load carrying capacity, and thus promising lubricating
properties.14–16 For example, Smith et al. performed SFA measure-
ments on [C10C1Pyrr][NTf2] and [C4C1Pyrr][NTf2], and demonstrated
that the friction coefficient associated with two bilayers of
[C10C1Pyrr][NTf2] resulted in extremely low friction in comparison
to that measured for a shorter-chain, monolayer forming analogue
([C4C1Pyrr][NTf2]).17 From these results, it was hypothesised that in
the case of a bilayer-bilayer interaction, a slip plane between the
cation methylimidazolium rings provides much lower friction than
that between alkyl chains, analogous to that found for surfactants
and phospholipids.18

Most previous studies of ILs with long alkyl chain cations
have focused on those with halogenated anions, and halogen-
free analogues are yet to be thoroughly investigated, though
there are exceptions.19,20 In addition, SFA measurements, with
their exquisite accuracy in determining zero separation, are
typically limited to negatively charged mica as a substrate, whilst
positively charged surfaces remain largely unexplored.21,22 In
terms of tribotronics, it is crucial to understand the molecular
behaviour of ILs at both positively and negatively charged sur-
faces. In a recent study, Baldelli et al. reported that the orientation of
the imidazolium ring at the solid–liquid interface changes depend-
ing on the surface charge.23,24 In a related tribological study, the
orientation tendency of the imidazolium ring has also been shown
to have a strong correlation with the frictional properties of
imidazolium-based ILs.25 Tribotronic colloidal probe AFM measure-
ments have demonstrated imidazolium cations bearing longer alkyl
chains to provide greater cohesiveness under applied load,
particularly at negative potentials, due to the increased solvo-
phobic interactions between the cation alkyl chains.26

It is clear that both the cation alkyl chain length and surface
charge in imidazolium ILs will influence the interfacial structuring
of the ILs at the solid–liquid interface, as well as determine their
frictional and tribotronic properties. However, so far, orientation
analysis of imidazolium-based ILs at the solid–liquid interface by
sum-frequency generation (SFG) spectroscopy has been limited to
those with shorter alkyl chains, such as [C4C1Im]. Hence, whether
such orientation behaviour would persist for longer chain analogues
is yet to be clarified.

Here, SFG measurements have been performed on ILs at
positively and negatively charged salt surfaces to mimic electrified
surfaces.27,28 The ILs investigated are composed of a boron-based
anion, which has shown promising friction-reducing properties,5,6

and imidazolium cations decorated with different alkyl chain
lengths ([CnC1Im][BOB]; n = 5–7, 10). Recent spectroscopic studies
on the stretching modes of the imidazolium ring have revealed
that the original vibrational modes of aromatic C–H overlap with
several Fermi resonance peaks.29,30 Hence, SFG measurement of
the C–H stretching modes of the IL imidazolium rings enables
determination of the orientational tendency, rather than the
specific orientation angle. To resolve this ambiguity, electro-
chemical (EC) NR measurements were also performed on the
longest chain IL (n = 10) which allowed the surface potential to
be systematically varied in situ and the resulting interfacial
structures normal to the interface (z-direction) to be char-
acterised. Such EC-NR measurements in ILs or IL solutions
are relatively novel, and have only been performed in a limited
number of studies.31–34 By obtaining the z-profile of the IL at
comparable surface charges to those studied with SFG, and by
exploiting the different neutron scattering properties of the
ionic species, the anticipated orientation changes of the imidazolium
ring with surface charge were verified and the extended interfacial
structuring of the IL into the bulk also examined.

2. Experimental
2.1 Materials

The ILs 1-alkyl-3-methyl imidazolium bis(oxalato)borate, [CnC1Im]-
[BOB] (n = 5, 6, 7, 10) were synthesised at Luleå University of
Technology.35,36 The molecular structures of the ILs are shown in
Fig. 1. All the ILs were dried for 68 hours under vacuum (12 mbar)
at maximum temperature of 60 1C. BaF2(111) and NaCl(100)
crystals were used as both window and substrate for the SFG
measurements and purchased from United Crystals Inc. and Koch
Crystal Finishing Inc., respectively.

BaF2(111) and NaCl(100) mimic surface charging due to the
relaxation of the surface atoms. The topmost surface of
BaF2(111) is barium-enriched, resulting in an overall dipolar
structure with a local field reminiscent of a positive surface
charge, whilst the topmost surface of NaCl(100), is chloride-
enriched, giving rise to an opposite field.37,38 It can be anticipated
that this effect may be influenced by the medium with which the
surface interacts. Nonetheless, following previous related works of
such surfaces in ILs, we assume that that the BaF2(111) and

Fig. 1 Molecular structures of imidazolium-based ionic liquid ions
investigated.
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NaCl(100) interfaces preserve their positive and negative behaviour,
respectively, in the manner demonstrated by Baldelli et al.27,28 The
maximal surface charge densities of solid crystals can be estimated
using lattice parameter of the crystals.27 These calculated, limiting,
surface charge densities are 42 mC cm�2 for BaF2(111) and
�50 mC cm�2 for NaCl(100).

2.2 Sum-frequency generation (SFG) spectroscopy

The theory of SFG spectroscopy has been reported elsewhere,39–41

and thus details are omitted here. A homemade liquid SFG cell42

was used for the measurement of interfacial structure of a series
of ILs at the solid–liquid interface as shown in Fig. 2.

The cell was rinsed with isopropanol, acetone and ethanol,
and dried with filtered N2. It was prepared and sealed in a glove
box filled with N2 (RH o 10%) to minimise water absorption,
which for other IL systems has been shown to have a strong
influence on the interfacial structuring at charged interfaces.43–46

The SFG spectroscopy system in the present study used a Nd:YAG
laser generating a mode-locked 1064 nm fundamental pulse
beam for 30 ps at a rate of 20 Hz. Fixed visible (532 nm) and
tuneable infrared (2.5–10 mm) beams were produced by second
harmonic generation (SHG) and optical parametric generation
(OPG). The visible (VIS) and infrared (IR) beams overlapped at the
crystal/IL interface with incident angles of 551 and 631 from the
surface normal, respectively. The representative input energies of
the visible and infrared beams were set to B150 and B250 mJ per
pulse, respectively. SSP and PPP polarisation combinations
(of SFG, visible, infrared light) were used. P represents light with
the electric field polarised parallel to the incident plane and S
represents light polarised perpendicular to the plane.

2.3 Neutron reflectivity (NR)

2.3.1 Neutron reflectivity measurements and data analysis.
The NR measurements presented here were performed on the
INTER reflectometer at the ISIS Facility, Rutherford Appleton
Laboratory, UK. All reflectivity measurements were performed
using time-of-flight mode, in a horizontal geometry. The neutron
specular reflectivity R (the ratio of the reflected beam to the
incident beam intensity) was measured as a function of the
momentum transfer vector Qz = 4p sin y/l, where y is the angle
of incidence (and reflectance) and l is the wavelength of the
neutron beam.47,48

The IL reflectivity measurements were performed using a
custom-made electrochemical NR cell31 (cf. Section 2.3.2). The
solid substrate acted as the working electrode and consisted of
a layered system of Ti and Au on a Si substrate (with native
oxide). The neutron beam was directed through the Si block
and reflected from the gold–IL interface, with the reflected
beam again traversing the block and exiting to the detector.
Slits were used to define the beam size and ensure a constant
beam footprint, within the area of the gold surface that was
covered by IL. Prior to the IL measurements, the substrates were
measured in air in order to characterise the layer parameters.

Two incident angles (0.51 and 1.81) were used to cover the
important Q-range from critical edge to background (0.0065–
0.22 Å�1). A fixed dQ/Q resolution was used for all measurements
(approx. 4%). In addition, data were collected at an intermediate
angle of 0.71 during the equilibration time for each applied
potential (30 minutes). This kinetic data was collected in event
mode and divided into 10 minute intervals. An attempt to fit
SLD profiles to the kinetic reflectivity curves has been made (cf.
ESI,† Fig. S8–S10), although we note the analysis of the kinetic
reflectivity curves cannot provide exact models due to lower
statistics and a shorter Q range. However, they can indicate the
dynamics and tendency of changes in the innermost layers
during stabilisation times.

The scattering data were reduced in Mantid49 using the
usual procedures. The data were normalised to a transmission
measurement through the silicon blocks and the two angles
stitched together to form one profile. The data were fitted using
the slab model based on the reflections from a stratified medium;
i.e. to a model consisting of a series of layers, each with an
associated thickness, roughness and scattering length density
(SLD – composition). The fitting procedures were performed
using the software package GenX.50 The number of SLD layers
was determined as the minimum required to get precise fits of
the higher Q range features. The best fit was determined by using
a logarithmic figure of merit (FOM). Initially, the SLDs of all
layers were allowed to vary in the range determined by the
maximum and minimum SLDs of the species in the sample,
which are the anion and the hydrocarbon chain region of the
cation respectively (cf. Table 1). The thickness of the layers was
set to vary in the range between 2 and 20 Å, corresponding to the
estimated thickness of the cation ring and total cation length
(including the alkyl chain) which, are the shortest and longest
molecular length-scales present in the IL, respectively. Initial
fitting was conducted for a one-layer model and subsequent
layers added if the fit improved.

Fig. 2 Schematic of homemade SFG cell used for measurements on
crystal salt surfaces and measurement geometry.

Table 1 Neutron scattering length densities (SLDs) and molecular volumes
(VM) of [C10C1Im][BOB] ionic liquid, constituent ions and molecular
segments

Species SLD (10�6 Å�2) VM (Å3)

[C10C1Im][BOB] 1.53 582
[C10C1Im]+ 0.33 321
C1Im 1.79 127
C10 �0.61 194
[BOB]� 3.02 261
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The simulations were performed independently from the SFG
results and no pre-defined structures were assumed. However, as
the roughness of the gold electrode surface is comparable to the
molecular length scales of the IL, the roughness of the near
surface layers was set to match the layer thickness to account for
the contribution of the gold roughness, which was estimated to
be B9 Å (cf. ESI,† Table S1).

All parameters related to the substrate, i.e. the thickness,
roughness and SLD of the Au, Ti and SiO2 layers were obtained
from the reflectivity of the blocks measured in air (cf. ESI,†
Fig. S6) and fixed for all subsequent conditions (cf. ESI,†
Tables S2–S5). The SLD of the bulk IL was fixed for all conditions
and calculated from its mass density (1.17 g cm�3; cf. Table 1).36

The SLDs of the ions and their molecular portions were then
estimated from their calculated molar volumes (cf. Table 1).

2.3.2 NR electrochemical cell and preparation of gold
electrode. Details regarding the cell design have been reported
previously in a related study of IL–solvent mixtures.31 However,
briefly, before assembling the cell, the conductive glass (coated
with a fluorine-doped tin oxide, FTO; NSG TEC A7, Pilkington,
UK) used as counter electrode, as well as all the other cell
components, were sonicated in 2% HellmanexTM III for 30 minutes,
before being rinsed thoroughly with Milli-Q water and absolute
ethanol, and dried with filtered N2. For the measurements
presented here, a PTFE gasket of 0.5 mm thickness was used
to separate the working (gold films) and counter electrodes. In
order to minimise water contamination, the cell was assembled
inside a polyethylene glove bag under a dry, nitrogen atmo-
sphere. The IL was injected into the bottom port of the cell
through PTFE tubing using a glass Luer syringe.

The thin (B120 Å), amorphous gold film was prepared by
electron beam evaporation (Auto 306, Edwards High Vacuum
International, Wilmington, MA) atop 10 mm thick (50� 50 mm)
polished n-type silicon(111) blocks (Sil’tronix Silicon Technologies,
France). To ensure good adhesion between the Si and Au, the block
was pre-coated with a Ti adhesion layer (B55 Å; cf. ESI,† Table S1).
Prior to deposition, the silicon block was cleaned in Piranha
solution, rinsed with Milli-Q water and dried with filtered N2. Before
conducting NR measurements in air, the coated blocks were rinsed
with filtered ethanol, blow dried with nitrogen and exposed to
UV/ozone for 10 minutes. Prior to all solution measurements, a
short length of insulated copper wire was adhered to one corner of
the gold surface using a conductive epoxy (CW400, Chemtronics),
which was cured in an oven at 120 1C for 20–30 minutes before
repeating the same cleaning procedure. Once assembled and filled
with IL, the cell was mounted on the beamline and the temperature
maintained at 22 1C. Prior to any electrical connections being
made, the open circuit potential (OCP) was measured to be
�0.235 V across the NR cell. Electrical potentials were applied
across the cell using a Metrohm Autolab (PGSTAT204) potentio-
stat. During all NR measurements, the applied potential and
current across the cell were continually recorded and monitored
(cf. ESI,† Fig. S5).

2.3.3 In situ surface charge density determination. Different
potentials (0 V, –1 V, +0.25 V and �1.5 V) were applied to the
gold electrode interface. The surface charge density of the gold

electrode was calculated for each potential by integrating the
resulting electric current (cf. ESI,† Fig. S5), which is assumed to
be due to ion diffusion in the liquid.51 The surface area of the
gold (working electrode) was defined by the Teflon spacer used
to seal the solution and is estimated to be 17.6 cm2. The calculated
surface charge densities of the gold were: �0.6 mC cm�2 at 0 V,
60 mC cm�2 at +0.25 V,�34 mC cm�2 at�1 V and�250 mC cm�2 at
�1.5 V. The surface charge at �1 V is comparable to that expected
for mica (�33 mC cm�2) and also NaCl(100) (cf. Section 2.1), whilst
the surface charge density at +0.25 V is close to that of the BaF2(111)
effective value. Although the surface charging mechanisms are
different between metal electrodes and crystals in their origin,
and there is no propensity for image charge interaction on the
crystals, these effects are unlikely to affect the cation orientation
and self-assembly. Application of a larger negative potential
(�1.5 V) also allowed for the study of the IL interfacial structuring
at a more highly charged surface, which is not accessible by the
use of crystalline surfaces.

2.3.4 Cyclic voltammetry and surface charge determination.
Cyclic voltammetry (CV) measurements were performed across
the IL in the electrochemical NR cell after the reflectivity
measurements using the same potentiostat (cf. Section 2.3.2).
To establish that no faradaic events occurred within the experi-
mental potential window studied, as well as determine the
reversibility of the charge transfer, the potential was cycled
between �1.5 V and +0.25 V several times at different rates
(6 and 10 mV s�1) and the current response monitored. Repre-
sentative CVs for each rate are shown in ESI† (cf. Fig. S1).

3. Results and discussion
3.1 Sum-frequency generation spectroscopy

Fig. 3 and 4 show the SFG spectra of each IL at BaF2(111) and
NaCl(100), respectively. SSP and PPP refer to two different
polarisation combinations of the signal and the two incident
beams. From analysis of the relative intensities of a given peak in
the two polarisation combinations, conclusions can be drawn
about the orientation of the vibrational mode.52 The [BOB]�

anion has an inversion-symmetry and shows a strong quadrupole
moment.53 The quadrupole contribution cannot therefore be
excluded for the [BOB]� anion signal and in this case SFG is no
longer interface sensitive. We have thus focused on the imida-
zolium cations to avoid complication of the SFG analysis.

Aliphatic C–H stretching modes appeared at 2800–3000 cm�1.
Peaks at 2850 cm�1, 2875 cm�1 and 2945 cm�1 were observed in
the SSP spectra and can be attributed to CH2-ss (symmetric
stretching vibrational mode), CH3-ss and the Fermi resonance of
CH3-ss, respectively. Peaks at 2890 cm�1 and 2960 cm�1, which are
attributed to a-CH2-as (antisymmetric stretching vibrational mode
of methylene next to methyl group) and CH3-as (asymmetric
stretching vibrational mode), respectively, were observed in the
PPP spectra.54,55 Aromatic C–H stretching modes were observed at
3000–3250 cm�1. The peaks at 3127 cm�1 [C(2)H], 3153 cm�1

[HC(4)–C(5)H-as], and 3174 cm�1 [HC(4)–C(5)H-ss] are assumed to be
from the C–H normal mode vibrations of the hydrogen attached
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directly to the cation’s imidazolium ring. In this wavenumber
range, some Fermi resonance peaks were also present,29,30 due to
overtones of the imidazolium ring and combination of in-plane
ring modes, making quantitative and accurate orientational angle
analysis complex. However, the presence of an SFG signal is a clear
indication of a non-isotropic net orientation.

Conversely, [C10C1Im][BOB] showed notably weak peaks at
both the NaCl(100) and BaF2(111) surfaces, suggesting a cancel-
ling out of the SFG signal from the cation alkyl chains. Two
possible near surface structures could lead to such signal
cancelling: a bilayer structure, where all the cation decyl chains
from the bilayer lower and upper monolayer leaflets orientate

towards each other in the surface normal, or a completely
isotropic and randomly oriented layer. (Note that a random
orientation between 0 and 1801 will lead to SFG signal with
polarisation dependency corresponding to the so-called ‘‘magic
angle’’.56,57) On the other hand, [CnC1Im][BOB] (n = 5–7) showed
strong aliphatic C–H peaks deriving from the cation alkyl
chains, indicating the short alkyl chain cations do not form
bilayers (see ESI,† Fig. S11 for further analysis). In the PPP
spectra at both NaCl(100) and BaF2(111) surfaces, a peak at
2890 cm�1 was observed, which is attributed to a-CH2-a. This
mode is not strongly active in SFG, therefore accounting for the

Fig. 3 SFG spectra of C5C1Im[BOB], C6C1Im[BOB], C7C1Im[BOB] and
C10C1Im[BOB] at positively charged BaF2(111) with (a) SSP and (b) PPP
polarisations. Fig. 4 SFG spectra of C5C1Im[BOB], C6C1Im[BOB], C7C1Im[BOB] and

C10C1Im[BOB] at negatively charged NaCl(100) with (a) SSP and (b) PPP
polarisations.
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relatively weak signal,55 and suggests that gauche defects are
introduced to the methylene group closest to the terminal
methyl group of the alkyl chain.58 In turn, this indicates that
the layer is not a perfectly ordered self-assembly structure with
parallel packed chains, as might be observed for a conventional
surfactant or thiol self-assembly monolayer (SAM).59

Consideration of the aromatic C–H region reveals that all the
ILs exhibited prominent aromatic C–H peaks at the BaF2(111)
surface under SSP polarisation, but no peaks with PPP polar-
isation. The molecular orientation analysis reveals that the
imidazolium ring adopts a more perpendicular orientation at
the BaF2(111) surface (cf. ESI,† Fig. S2 and S3). Conversely, at
the NaCl(100) surface all the ILs exhibited aromatic C–H peaks
with both SSP and PPP polarisations. As noted above, a detailed
analysis of the orientational angle of the imidazolium ring is
difficult due to interference with the Fermi resonance of ring
stretching modes.29,30 However, the presence of the C–H peaks
indicates that the imidazolium ring has a tilted orientation.
Together these observations suggest the imidazolium ring is
attracted to negatively charged NaCl(100) surface and has a
tendency to adopt a parallel orientation to the surface. Conversely,
on the positively charged BaF2(111) surface, the imidazolium ring
tends towards a more perpendicular orientation, leading to a larger
distance of the positive charge from the surface, as well as allowing
more anions to come close to the surface, reflecting a repulsive
interaction between the ring and the surface. A similar tendency has
been reported in the electrochemical SFG measurements of
halogenated ILs performed by Baldelli et al.23,24 Moreover, the
SSP spectra of [C10C1Im][BOB] at both the NaCl(100) and
BaF2(111) surfaces, show a larger redshift (i.e. shift toward lower
wavenumbers) of the aromatic peaks than observed for the short
alkyl chain ILs [CnC1Im][BOB], where n = 5–7.

Previous IR and Raman spectroscopy studies have demon-
strated that the peak position of C(2)–H, which is the most
interactive with the anion, can undergo a redshift with increasing
alkyl chain length, and attributed this to improper hydrogen
bonds caused by an inductive effect, whereby the donor bonds
are less polar and electron poor, and the bond acceptor is not
sufficiently strong for hydrogen bonding.60,61 This tendency
was observed even in the presence of Fermi resonances and
overtones.62 Here, we similarly observe a redshift in the IR
spectra (cf. ESI,† Fig. S4). However, the redshift with increasing
chain length is less remarkable (only a few cm�1) than observed
in the SFG spectra.

A number of other studies have also reported that the peak
position of C(2)–H can undergo a redshift when the cation interacts
with more basic and coordinating anions, such as N(CN)2 and
halogens.30,63–65 This redshift is hypothesised to occur due to an
increase in strength of hydrogen bonding between cation and
anion, especially at the cation C(2)–H position, and can cause a
redshift up to 100 cm�1. In light of these previous studies, the
redshift in SFG spectra presented here thus indicates that the
interaction between cation and anion and/or the surface is much
stronger than cation–anion interaction in bulk liquid. A possible
explanation of the prominent redshift in the case of [C10C1Im]-
[BOB] is that the bilayer formation by the alkyl chains of cations

leads to a more distinct segregation between the polar and non-
polar moieties, and hence, in the innermost layer, the cation and
anion polar parts are closely packed.

3.2 Neutron reflectivity

NR is a powerful tool that can be used to characterise the
interfacial structures of ILs with sub-nanometer resolution in
the surface normal direction.13,31,32,34,66 It is clear from the SFG
results presented above that the structuring of the cation alkyl
chains at charged interfaces is notably different for the longest
chain [CnC1Im][BOB] IL (n = 10). Two possible hypothesises for
this observation (discussed above) are: (1) the cation decyl
chains form a well-ordered bilayer structure, or (2) they form
a completely isotropic and randomly orientated layer, which is
unlikely, but cannot be ruled out from SFG measurements
alone. For this reason, complementary NR measurements were
conducted to characterise the out-of-plane structuring of the IL
[C10C1Im][BOB] at different surface potentials. The surface
potential was controlled in situ through use of an electrochemical
cell.36 This approach is preferable for NR measurements, since
there are a limited number of substrates that lend themselves to
NR measurement in terms of scattering length density (SLD) and
roughness. By the same token, non-resonant background signals
render SFG measurement next to impossible on gold electrodes.

3.2.1 Equilibrium NR measurements. Fig. 5a shows the
reflectivity curves and corresponding model fits to the data for each
potential studied. Clear Kiessig fringes are seen in the reflectance
due to contrast in SLD between the gold electrode and the IL.
Theoretical fits to the data reveal that in the immediate vicinity of
the surface, the obtained SLD profiles cannot be explained by the
presence of bulk (isotropic) IL. Thus, the possible hypothesis of an
isotropic interface, as discussed above, can be deemed unlikely.
Instead, for all potentials a non-monotonic SLD profile was
found to best fit the reflectivities, by dividing the interfacial
region into layers of varying SLD, thickness and roughness (cf.
Fig. 5b). In the SLD profiles it is difficult to distinguish a distinct
first layer due to the contribution of the gold roughness, which
is comparable in size to the molecular dimensions of the IL.
However, for all potentials, a deep minimum in the SLD profile
next to the gold interface is indicative of a distinct, lower SLD
layer which is therefore likely to be composed of cation alkyl
chains (cf. Table 1).

For 0 V, the trough of this minimum is notably closer to the
gold interface, suggesting the cation alkyl chains structure
directly at the gold interface (cf. ESI,† Fig. S7 and Table S2).
However, for non-zero surface potentials, a clear shift of the
minimum away from the gold interface is apparent, in particular
for the positive potential (+0.25 V), pointing towards the presence
of a (buried) first layer, the thickness of which is larger for the
positive potential. The exact origin of this thickness change is
difficult to determine, however it is not inconsistent with
the SFG findings presented above (cf. Section 3.1), whereby
the orientation of the cation rings is shown to become more
perpendicular with respect to the surface normal for the
positive surface potential. However, an increased thickness
would also be commensurate with an increase in anion density
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at the interface, whose size is larger than that of the imidazolium
ring, and can be expected to be driven towards the electrode
interface to counter the positive surface potential. For the

non-zero surface potentials, the thickness of the initial minimum
at the gold interface is also notably larger, suggesting the
transition from a single alkyl chain layer to that of an inter-
digitated bilayer structure.

Further away from the gold interface, two more distinct
regions of higher and lower SLD than that of the bulk IL,
respectively, can be observed each of the different potential SLD
profiles. At 0 V, these layers are located notably closer to the
gold interface, due to the absence of an initial cation ring layer.
For the negative potentials (�1 V and �1.5 V), the high SLD
region, which can be attributed to a high density of anions,
extends further into the bulk, suggesting a larger counterion
region. For �1.5 V, the second low SLD region (or minima in
the SLD profile) is also of noticeably lower SLD and broader,
suggestive of a subsequent alkyl chain bilayer.

Schematic interfacial structures based on the model para-
meters used to fit the reflectivities for [C10C1Im][BOB] at
different surface potentials (cf. ESI,† Tables S3–S5) are shown
in Fig. 6. In addition, a schematic for 0 V is provided in the ESI†
(cf. Fig. S7). These structures are consistent with the SLD
profiles in Fig. 5b, but cannot be deemed unique solutions. None-
theless, for all conditions where the gold electrode bears a notable
charge, i.e. a 0 V, the SLD profile and model parameters clearly
advocate that the [C10C1Im] cations form a bilayer-like structure at
the gold interface, whereby the methylimidazolium rings form a
distinct inner layer at the electrode interface. For the larger negative
surface potential (�1.5 V), this initial bilayer is followed by a similar,
but more diffuse, bilayer-like structure atop it. Clear changes in the
thickness of the inner IL layer at the gold electrode with potential
also point towards a significant reorientation of the imidazolium
ring with respect to the gold interface, depending on the surface
charge bias. However, we acknowledge that a larger thickness
observed at +0.25 V could also be attributable to small population
of anions at the gold interface.

3.2.2 Kinetic NR measurements. Reflectivity was collected
during the electrical stabilisation period (of 30 minutes) after each
potential, (cf. ESI,† Fig. S8–S10). SLD fits to the data, when divided
into three successive 600 s intervals, reveal the time dependence
of the response, and give insight into the re-arrangement of ion
layers and imidazolium ring orientation changes during surface

Fig. 5 (a) Neutron reflectivity curves for [C10C1Im][BOB] at a gold elec-
trode for different applied potentials. The symbols represent experimental
data, while the solid lines represent fitted scattering length density (SLD)
model fits to the data. (b) Corresponding SLD profiles.

Fig. 6 Schematic illustrations of the interfacial structures of the ionic liquid [C10C1Im][BOB] at different applied surface potentials (�1, +0.25, �1.5 V) in
experimental order after initially applying 0 V. The schematic model for 0 V is shown in the ESI† (cf. Fig. S7).
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potential equilibration. In each case, the final time-slice SLD profile
is similar to that obtained for the long, post-equilibration scans
shown in Fig. 5b, indicating that the allowed equilibration period
was sufficient.

After applying �1 V from 0 V, the kinetic SLD profiles (cf.
ESI;† Fig. S8b) suggest that a re-arrangement in the innermost
layer occurs, due to imidazolium rings of the cations orienting
towards the surface and the formation of three distinct cation
rich layers, followed by a layer of anions. Subsequently, after
applying +0.25 V (cf. ESI;† Fig. S9b), the kinetic SLD profiles
imply that the imidazolium rings are repelled from the surface,
leading to the formation of a more diffuse structuring, without
distinct cation–anion layering. Instead, the cation decyl chains
remain close to the surface, with anions accommodated
amongst them. Within the final time interval, a more distinct
anion layer is then formed further away from the gold electrode
atop the cation layer. After �1.5 V was applied (cf. ESI;†
Fig. S10a), a shift in the kinetic reflectivity curves towards
higher Q values was observed. In the first time interval (the
initial state), the kinetic SLD profile (cf. ESI;† cf. Fig. S10b)
indicates that anions are repelled from the surface, whilst the
cations are attracted and form a bilayer.

3.3 Interfacial structure of the ionic liquids at
positively/negatively charged surface

The SFG spectra for all the ILs studied indicate that the cation
alkyl chain length has a strong influence on interfacial structures
of imidazolium-based ILs, even at charged interfaces. That is to
say, the longer alkyl chain ([C10C1Im][BOB]) cation forms a bilayer
of alkyl chains at both negatively and positively charged surfaces,
whilst its shorter alkyl chain ([CnC1Im][BOB]; n = 5–7) analogues
do not. The formation of a bilayer of alkyl chains in the case of
[C10C1Im][BOB] is also confirmed by the results of NR measure-
ment. The electric double layers formed in pure ILs can be very
different from those formed in conventional dilute electrolyte
solutions. Charged moieties of cation and anion are stabilised
energetically if surrounded by opposite charges or by polar materi-
als or polarisable materials. Thus, the self-assembly of ILs, which
are composed of only cations and anions, is primarily driven by
Coulombic interactions, resulting in the formation of alternating
layers of cations and anions.67–70 Such multi-layering has also been
suggested by molecular dynamic (MD) simulations,71–73 and is in
better agreement with the experimental results24,74 than models
applicable to dilute electrolyte solutions.

Based on this Coulombically alternating multilayer formation,
the interfacial structure of the ILs in this study can be explained
as follows. The first layer is occupied by counter ions, as indicated
by the NR measurements, and the orientation of the imidazolium
ring is determined by the surface charge, as observed in the SFG
spectra. Bazant et al.69 have previously suggested the surface
charge tends to be overscreened by the first layer within this
surface charge density range. In the case of shorter alkyl chains
(n = 5–7), the second layer consists of co-ions, of opposite charge to
the first layer and like charge to the surface charge, based on
Coulombic interaction. The third and fourth layers are analogous,
but with a decreasing degree of order, reflecting screening of the

surface charge. Interestingly, however, a simple Coulombic
alternating multilayer model is no longer applicable when the
alkyl chain is sufficiently long (in this case for n = 10). Instead,
in the case of a cation bilayer, the second layer is populated by
the second monolayer leaflet, which is then followed by a
subsequent third layer of co-ions. Thus, when the alkyl chain
of cation is long enough, the IL organises into polar and non-
polar domains.75 Some simulation results have demonstrated
that imidazolium ILs can undergo spontaneous micro-phase
separation, and this effect becomes dominant when increasing
the alkyl chain length.76,77 This segregation into polar and non-
polar domains is consistent with a redshift of the aromatic C–H
peaks in the SFG spectra, and therefore suggests that the C(2)–H
group of the cation imidazolium ring comes closer to the anion
and the negatively charged surface than it does in the shorter-
chain analogues. The larger nonpolar moieties in the case of
[C10C1Im] would lead to a locally reduced dielectric environ-
ment for the ions if there were mixing of the decyl chains and
ions; thus, the system self-assembles to optimise both the
interactions with the surface and locally between ions. This
form of molecular ordering bears similarity to self-assembly of
amphiphiles in water, but with one important difference – the
latter process is driven entropically, and it is hard to envisage a
driver equivalent to the hydrophobic effect in a pure IL.78 For
example, in the case of protic ILs (PILs) it has been shown that
the self-assembly of ionic amphiphiles is controlled rather by
specific, short-range solvation and H-bonding interactions
between the surfactant and the particular PIL.79

Interestingly, despite the strong dependence of the inter-
facial structure monolayer/bilayer formation on the alkyl chain
length, irrespective of surface charge, the SFG spectra also show
apparent differences in the tendency of the imidazolium ring to
orient at negatively and positively charged surfaces. In addition to
revealing differences in self-assembly behaviour (a largely charge
independent phenomenon), the SFG spectra also indicate
differences in the orientation behaviour of the imidazolium
ring in response to surface charge. Whilst the imidazolium ring
has a tilted orientation at the negatively charged surface, the
ring orients perpendicular to the positively charged surface,
increasing the distance between the surface and cation charges. It
should be remembered that the SLD fits to the NR do not directly
provide proof of the presence of the ring at the surface (due to the
potential contributions of several species). Rather the SLD values
and thickness together indicate that indeed the cation ring is
closest to the surface, and that it adopts a more perpendicular
orientation at the electrode surface when a positive potential is
applied (i.e., the innermost layer thickness of 5 Å corresponds well
with the estimated length of the cation ring). We note that recent
computations suggest that the adsorption of alkyl decorated
imidazolium ILs to gold is a subtle process, with contributions
involving cation� � �p stacking and anion-induced anchor-assisted
H-bonds. Although the predominance of these various contribu-
tions is expected to vary depending on the polarity of the IL anion
and was not investigated for different surface potentials.80

At the negative potential (�1 V), the much thinner surface
layer (2.5 Å) is more comparable with the ring thickness and
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thus also suggests a parallel orientation of the cation ring. Both
of these observations are entirely consistent with the SFG data
on surfaces of comparable charge. Upon further increasing the
negative surface potential to �1.5 V, not typically accessible
without an electrical bias, it is found that the bilayer structure
of the IL extends further into the bulk, suggesting not only the
bias, but also the magnitude of the surface potential can be
used to control the interfacial structuring of imidazolium-
based ILs. Furthermore, this indicates that the surface charge
is too high to be compensated by a single counterion layer,
which is the case for the other smaller potentials studied. In a
‘‘typical’’ multilayering IL system, such as that displayed by the
shorter alkyl chains (n = 5–7), the ionic species forming each
layer are dependent on surface charge, i.e., the first layer is
occupied by the counterion to the surface charge, while sub-
sequent layers consist of alternating layers of predominantly
co-ions and counterions. In the case of long alkyl chain (n = 10),
however, although the first layer is responsive to the surface
charge, the cations form a bilayer structure at the surface for
both negatively and positively charged surfaces. The NR measure-
ments indicate that the thickness of each component varies with
surface charge. Such thickness variations are likely to be largely
due to changes in the density and degree of ordering of the
cations in the first layer. The degree of ordering of cation layers
also determines the charge density of the layer.

It has been previously shown that the friction reduction
properties of boundary films are largely dependent on surface
density and degree of ordering.81,82 Moreover, as mentioned in
the introduction, robust bilayer structures have previously been
shown to prevent breakdown of boundary films and lead to
good lubricity. In light of these observations, bilayer forming IL
systems would allow for the tuning of both thickness and
degree of ordering through the application of electric potentials,
whilst retaining their lubricating bilayer structure. This presents
a promising mechanism for friction control.

4. Conclusions

While our knowledge of ILs containing fluorinated ILs is fast
expanding, more remains to be done on potentially more applic-
able materials, for example with orthoborate anions, as used here.
The results bring a new perspective to the structuring of ILs at
charged interfaces, and the sensitivity of the charge to the sign and
magnitude of the electrical potential. By combining NR and SFG,
we demonstrate how the composition of the various layers, as well
as orientations of the various species in response to changes in
surface charge. Both the orientation of the imidazolium ring, and
the alkyl regions of the cation can be rather sensitively targeted
using both techniques.

From the results obtained, it can be understood that the first
layer clearly responds to surface charge, regardless of the alkyl
chain length. For the shorter (n = 5–7) alkyl chain cations, the
second layer is then occupied by co-ions to compensate the ion
charge of inner counterion layer. In contrast, for the longer (n = 10)
alkyl chain cation, the second layer is instead of charge compensa-
tion by co-ions, the cations form a bilayer structure.

Together, these results demonstrate that if the alkyl chain is
sufficiently long, the non-polar aggregation of alkyl chains will
supersede the charge compensation of ions, resulting in the
formation of cation bilayers. Here, whilst surface charge drives
the formation of electric double layer of ILs at the surface, the
structure of the more extended layers is strongly dependent on
alkyl-chain length of cation. This is rather evocative of self-
assembly in surfactant systems, and confirms the observation
of bilayers in ILs with surfactant-like cations (where the positive
charge is relatively well defined analogous to a surfactant
headgroup, with a long hydrocarbon tail). It should be remembered
that it is the hydrophobic effect which leads to such self-assembly,
and strictly this mechanism cannot operate in an IL. Thus, the role
of interfacial water cannot be completely ruled out as a contributor,
even under the dry conditions used here. Alternatively, the bilayer
structure maybe due to a templating of the self-assembly tendency
(driven by the expulsion of nonpolar regions from polar charged
regions) by the surface. Future work will thus target: (i) the role of
water at the interface, and (ii) the effect of alkylation on the
orthoborate anion – which will allow the anion also to contribute
to any self-assembly behaviour.

Finally, the preservation of the bilayer structure, even for
very different surface charges means that the essential boundary
lubrication properties can be maintained, while the composition
of the near surface layer can be tuned to moderate properties in
interfacial contact.
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