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ARTICLE INFO ABSTRACT

The structure and interaction of ionic liquids (ILs) influence their interfacial composition, and their arrangement
(i.e., electric double-layer (EDL) structure), can be controlled by an electric field. Here, we employed a quartz
crystal microbalance (QCM) to study the electrical response of two non-halogenated phosphonium orthoborate
ILs, dissolved in a polar solvent at the interface. The response is influenced by the applied voltage, the structure
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of the ions, and the solvent polarizability. One IL showed anomalous electro-responsivity, suggesting a self-
assembly bilayer structure of the IL cation at the gold interface, which transitions to a typical EDL structure

at higher positive potential. Neutron reflectivity (NR) confirmed this interfacial structuring and compositional
changes at the electrified gold surface. A cation-dominated self-assembly structure is observed for negative and
neutral voltages, which abruptly transitions to an anion-rich interfacial layer at positive voltages. An interphase
transition explains the electro-responsive behaviour of self-assembling IL/carrier systems, pertinent for ILs in
advanced tribological and electrochemical contexts.

1. Introduction

Ionic liquids (ILs) are molten salts at relatively low temperatures (T,
< 373.15 K) [1]; their ions are typically large and complex, with delo-
calized charges, which leads to inhibition of their ability to crystallize
[2]. Due to their generally high chemical and thermal stability, low
melting points, and negligible volatility [3], ILs have been extensively
studied in many energy applications, such as fuel and solar cells,
supercapacitors and electrochemical devices, and enhanced efficiency of
lubrication technologies [4-7]. Due to their ionic nature, external
electrical fields can alter the interfacial structures and interfacial char-
acteristics of ILs (e.g., their friction behaviour), making them promising
for improving energy efficiency with additional functionality [8-10].
Several issues have hampered the commercial application of ILs,
including high production costs, poor miscibility in common base fluids
(e.g., mineral oil), and problems associated with the widespread use of
fluorine-containing anions, which produce toxic and corrosive halogen
halides under tribological conditions (i.e., high temperatures and pres-
sures) [11,12]. We henceforth refer to the Fluorinated Anion Ionic
Liquids as FAILs.

To address these issues, a series of non-halogenated ILs were syn-
thesized and developed [13,14], which show promising potential both
as neat lubricants [15] and as additives [16,17]. In particular, non-
halogenated ILs containing phosphorus- and boron-based ions show
enhanced thermal stability and anti-wear capacity [18]. The chelated
orthoborate anion can generate a tribo-chemical thin film due to phys-
icochemical adsorption, which lowers shear strength at the interface,
reducing friction [11,19]. Long alkyl chain phosphonium cations offer
advantages over other cation architectures (e.g., ammonium, imidazo-
lium cations) due to their stability and capability to form a surface-
protective film in boundary and mixed lubrication regimes [20,21].
Additionally, the excellent electro-responsive property of ILs allows
active control of advanced lubrication systems using electric fields, so-
called “tribotronics” [22]. However, to fully exploit the tribological
performance of ILs, a better understanding of the effect of electric fields
on the interfacial structure and composition control in neat ILs or IL-in-
carrier systems, as well as the intimate relationship between their
structures and tribological properties, is required.

At an electrified surface, ILs mainly manifest in the interfacial region
as an electric double-layer (EDL), the nature of which remains an active
topic of research due to the complex ion ordering [23]. Bazant et al.
proposed a phenomenological theory to describe EDL structure at
charged interfaces, i.e., overscreening and crowding structures [24].
Both experiment and simulation studies have proved this theory
[25-28]. In other cases, such as short chain imidazolium-based ILs, the
cation and anion coexist at charged interfaces in a checkerboard ion
arrangement [29]. Furthermore, certain ILs with amphiphilic (i.e., long
alkyl chains) structures can self-assemble into lamellar-like bilayer
interfacial structures [30-33], rather than coulombic-dominated
arrangements.

Previous approaches to characterize the interfacial structures and
self-assembly of ILs (or ILs in the carrier) systems have included
experimental techniques, such as electrochemical impedance spectros-
copy (EIS) [34,35], quartz crystal microbalance (QCM) [36,37], sum-
frequency generation (SFG) spectroscopy [32], atomic force micro-
scopy (AFM) [9,38-42], surface force apparatus (SFA) [43], X-ray (XRR)
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[44], small-angle neutron scattering (SANS) [45] and neutron reflec-
tivity (NR) [46,47], as well as molecular dynamics (MD) simulations
[48]. Previously, we have investigated the electro-responsive composi-
tion and structure of one non-halogenated IL, trihexyl(tetradecyl)
phosphonium-bis(mandelato)borate [Pe g6 14][BMB] on an electrified
amorphous gold surface, both as a pure IL and when dispersed in a polar
solvent (e.g., lubricant base oil, acetone, propylene carbonate), using
QCM, NR, AFM, among other techniques [37,39,47,49]. Nano-
tribological AFM measurement can study modulated IL boundary layers
at different potentials which enable an electroactive friction reduction
[49]. In the case of QCM, the minute changes in interfacial mass asso-
ciated with the ion exchange of IL dissolved in a polar oil as a function of
potential can be probed by monitoring the resonance frequency change
of the gold-coated quartz crystal [37]. Meanwhile, NR has shown
distinct advantages in providing interfacial structural information for
such IL/carrier systems, which is relatively challenging to decouple
solely using QCM [47]. In neutron studies particularly, irreversible ef-
fects could sometimes be observed at higher positive potentials, which
were then interpreted as electrochemical damage and led to the elec-
trochemical window being drastically reduced. Given the documented
electrochemical stability of the ILs in question, further investigation into
this unusual phenomenon led to the current work, where a novel
interpretation is proposed.

Here, we have used both QCM and NR measurements in parallel to
investigate the electro-responsive interfacial composition and structure
changes of another IL, trihexyl(tetradecyl)phosphonium-bis(oxalato)
borate ([Pg 6 6,14] [BOB]), dispersed in the polar aprotic solvent propyl-
ene carbonate (PC). This IL has the same cation as previously studied
[P¢,6,6,14] [BMB] (to which its QCM electro-responsivity is also compared
herein), but the [BOB] anion is considerably smaller. PC is selected as
the solvent because of its high dielectric constant and low viscosity,
making it a suitable charge carrier. Deuterated PC has a high scattering
length density (SLD), allowing the possibility of contrasting the bulk
solution with that of the gold electrode in NR measurements. In this
paper, we will therefore use QCM and NR to provide clear evidence that
electric fields affect the interfacial composition and structure of IL/
carrier systems and suggest a voltage-induced interphase transition of
[Pe,6,6,14] [BOB] from a self-assembled bilayer structure to the usual EDL
structure. This finding supports the above-mentioned feature at higher
positive potentials, and also has important ramifications for the
reversibility of controlled interfacial structures, which is required for
supercapacitors and “red button” like control of friction in tribotronic
applications [50].

2. Materials and methods
2.1. Materials and solution preparation

The ILs trihexyl(tetradecyl)phosphonium-bis(mandelato)borate
[Pe,6,6,14][BMB] and trihexyl(tetra-decyl)phosphonium-bis(oxalato)
borate [Pg6,6,14][BOB] (cf. Fig. 1) were synthesized at Luled Univer-
sity of Technology and used without further purification. The high pu-
rity of the ILs was confirmed using mass spectroscopy elemental analysis
and multinuclear nuclear magnetic resonance (NMR) spectroscopy.
Water content was tested by Karl Fischer titration, and was found to be
0.033 wt% and 0.06 wt% for [P6,6,6,14] [BMB] and [P6,6,6,14] [BOB],
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Fig. 1. Molecular structures and dimensions of IL ions and the solvent, PC.

respectively [13,14]. Before the solutions were prepared, the pure ILs
were baked under vacuum at 60 °C for ~ 72 h to remove any traces of
solvent and the residual water. The solvents 1,2-propylene carbonate
(PC, anhydrous, 99.7%, Sigma Aldrich) and 1,2-propylene-dg carbonate
(d-PC, 99.5 atom% D, Qmx Laboratories Ltd.) were used as received. The
IL/PC solutions were prepared by weighing the corresponding IL and
adding the appropriate volume of solvent. In this paper, the concen-
tration of the solution is presented in terms of weight percentage (% w/
w). For the measurements presented here, both [P¢ ¢ ¢,14] [BMB]/PC and
[P6,6,6,141 [BOB]/PC concentration is 20% w/w, corresponding to 3.1
mol% and 3.9 mol% of the IL, respectively. Each solution was ultra-
sonicated for at least 10 min until homogeneous (by visual assess-
ment) to ensure complete mixing and was used immediately.

For NR measurement, the bulk SLD of [P ¢ ¢ 14] [BOB]/PC 20% w/w
solution was contrast matched to (or as close as possible to) that of gold
(4.56 x 10° A% by utilizing deuterated PC (cf. Table 1). The solutions
were characterized with Fourier-transform infrared spectroscopy (FT/
IR-4600, fitted with a single-reflection ATR accessory, Jasco) before and
after the NR measurement to determine the stability and water content
of the IL solution. The IR spectra for the [Pg ¢ 6,141 [BOB]/PC 20% w/wW
solution used for the NR measurement are provided in the Supplemen-
tary Information (cf. Figure S1) and did not exhibit any distinguishable
water peaks.

2.2. Quartz crystal microbalance

An A100® QCM (Attana AB, Sweden) was used with a custom-built
electrochemical cell experiment setup for the frequency potential mea-
surements. 10 MHz quartz crystals and the QCM sensor chip were also
provided by Attana AB. The crystals were sputtered with a 150-nm thick
gold layer and used as a working electrode (WE). The quartz crystal
wave velocity and density were 3340 m/s and 2650 kg/m?, respectively.

Table 1
Densities, molecular volumes and SLDs of IL ions and solvent.

Species p at 25 °C (g/cm?) Vi (A% SLD (x 10°A2)
[Pé,6,6,14]1 [BOB] 0.997 1118 0.37

[Pe,6,6,14] [BMB] 1.023 1291 /

[Pe,6,6,14]" 0.878 914 ~0.40

[BOB]" 1.521 204 3.84

[BMB] 1.376 378 /

h-PC 1.205 141 /

d-PC 1.258 143 5.87

Note: The SLD for [Pe¢,6,14] [BMB], [BMB] and h-PC are not relevant to this
study.
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To facilitate electrochemical measurements, the components of the
supplied QCM sensor chip were modified by cutting small recesses in the
cell lid and holder to accommodate a Pt wire (@ = 0.15 mm), which was
used as a counter (CE) and quasi-reference electrode (RE). The QCM
crystal is sealed by an FFKM X-ring (internal @ = 6.07 mm Trelleborg,
Sweden), which is accommodated by a recess in the cell lid. A custom-
built potentiostat [36,37] was used to apply different potentials across
the cell. An insulated copper wire connected the Pt wire with the battery
circuit. Two multimeters (3000 FC series, FLUKE) were used during all
experiments to monitor the applied potential across the cell and open
circuit potential (OCP) decay. The experimental setup is described in
detail elsewhere [36,37]. The QCM cell components (except the crystal)
were ultra-sonicated for 30 mins in a 2% v/v solution of Deconex Uni-
versal (VWR, UK) with Milli-Q water (resistivity 18.2 MQ cm at 25 °C;
total organic carbon (TOC) < 5 ppb), then rinsed thoroughly with Milli-
Q water and finally absolute ethanol before drying with filtered nitro-
gen. The QCM crystals were soaked in a 2% v/v solution of Deconex
Universal in Milli-Q water for 30 min before rinsing and drying with the
same procedures as above.

IL solutions were injected using a syringe via one of the holes in the
chip lid. After mounting in the QCM, the system was stabilized overnight
to reduce the intrinsic drift (<1 Hz/min). The temperature of the system
during experiments was maintained at 25 °C. Before applying the po-
tentials, the OCP under “initial unperturbed condition” was measured
across the QCM cell. The OCP average values for 20% w/wW [Pe ¢ 6,14]
[BMB]/PC and 20% w/w [P 6 6,14] [BOB]/PC were —0.32 V vs Pt, and
—0.16 V vs Pt, respectively. For each measurement, a potential was
applied for 5 min. After turning off the applied potential, the OCP decay
was recorded for approximately 2-5 mins, depending on the decay rate.
The frequency was monitored throughout the whole experiment. For
each of the curves corresponding to a potential response, the frequency
change is with respect to the intrinsic drift baseline value immediately
prior to the voltage change. In general, the largest potential was applied
first, and the next applied potential was the same magnitude with
opposite bias, then cycled to the second largest potential, and so on. This
specific sequence is designed to facilitate the re-establishment of the
baseline. The applied potential region was —0.8 V to +0.8 V, with a
decrement of 0.2 V. Before changing the different potentials, the setup
was allowed to fully relax for at least 20 min until the OCP decay
equilibrated close to zero, and the baseline of the intrinsic drift was re-
established. Note that the Attana program returns the frequency reduc-
tion value resulting in a positive frequency change with a positive mass
increase (overall frequency reduction), which is intuitively more
convenient. Sauerbrey’s equation [51] was used to convert measured
frequency changes to mass changes in ng e« cm~2, which has been shown
to be a reasonable assumption for electroresponsive measurements
where the bulk conditions are unchanged [36,37].

2.3. Neutron reflectivity measurements and analysis

The NR measurements for 20% w/w [P¢ ¢6,14] [BOB]/PC were per-
formed using a custom-made electrochemical NR cell. The details of the
cell design have been reported previously in the related studies for
[Pe,6,6,14] [BMB] in acetone and PC systems [47,49]. Briefly, a thin
(~170 A) amorphous gold film was deposited on a 10 mm (50 x 50 mm)
polished silicon (1 00) block (Sil’tronix Silicon Technologies, Archamps,
France) and used as the working electrode (WE). A thin chromium (Cr)
layer was pre-coated on the silicon surface as an adhesion layer. The NR
measurement was first performed for the gold-coated block in air to
characterize the Si, SiOp, Cr, and Au layer parameters (ie.,, SLDs,
thickness and roughness), which were used as references for the sub-
sequent IL solution NR fitting. (cf. Figure S2 and Table S1).

A short insulated copper wire was adhered to one corner of the gold
surface with conductive epoxy (CW400, Chemtronics), which was cured
in an oven at 120 °C for 20-30 min. After cooling down from the oven,
the gold surface was rinsed with filtered absolute ethanol, blown dry
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with nitrogen, and exposed to UV/ozone for 10 min to remove any
organic residues. A conductive glass (coated with fluorine-doped tin
oxide, FTO, Sigma Aldrich) was chosen as the counter/reference elec-
trode (CE/RE). For the measurement presented here, we chose a two-
electrode system due to the limited space for the cell configuration. A
PTFE gasket of 0.5 mm thickness was used to separate the CE/RE from
the WE and to contain the IL solution. Before assembling the NR elec-
trochemical cell, the conductive glass, gasket, and all other cell com-
ponents were ultra-sonicated in 2% v/v Hellmanex® for 30 min at room
temperature, followed by rinsing thoroughly with Milli-Q water and
filtered absolute ethanol, before finally blowing dry with nitrogen. To
minimize ambient water contamination, the cell was assembled inside a
polyethylene glove bag under a dry argon atmosphere (R.H. < 10%).
The IL solution was injected into the cell with the adapter using a glass
Luer syringe. After mounting the cell on the beamline, electrical po-
tentials were applied across the cell with a potentiostat (Metrohm
Autolab, PGSTAT204). The applied electrical potentials were chosen
based on the measured stable electrochemical window, demonstrated by
the cyclic voltammetry (CV) pre-tests (offline). The OCP for 20% w/w
[Pe,6,6,14] [BOB]/PC was measured as —0.42 V vs FTO before applying
the potentials. In comparison, the OCP of NR cell for 20% w/w [P¢ ¢ 6,14]
[BMB]/PC is referred to as —0.05 V vs FTO in our previous work [49].
The potentials were applied in the same order as presented. Before the
NR measurement, the cell was stabilized under each applied potential
for 30 min to reach equilibrium. The applied potential and current
across the cell were continuously recorded and monitored during all NR
measurements (cf. Figure S3). After all the NR tests, additional CV
measurements were performed across the IL/carrier solution in the
electrochemical NR cell again to examine whether any Faradaic events
had occurred during the NR measurements and determine the charge
transfer reversibility [47]. The CV measurements for 20% w/w
[Pe,6,6,14] [BOB]/PC before and after NR experiments can be found in the
supplementary material (cf. Figure S4).

The NR measurements presented here were performed on the
SuperADAM reflectometer at the Institut Laue-Langevin (ILL), Grenoble,
France [52]. The neutron specular reflectivity R (the ratio of intensity
between the reflected and the incident beam) was measured as a func-
tion of the momentum transfer vector, Q, = %"sin@, where 1 is the
wavelength and @ is the angle of incidence. During the measurement, the
wavelength was fixed at 5.21 A, and the angle of incidence was varied,
providing a Q,-range of 0.005-0.21 A~L. For the solution NR measure-
ment, the neutron beam was directed through the Si block, reflected
from the gold-solution interface, before again traversing the block and
exiting towards the detector. All the original scattering data were
reduced according to the standard procedures of SuperADAM, using the
program pySAred. These procedures include background subtraction,
detector efficiency calibration, direct beam normalization and over-
illumination correction [49].

The reduced data were fitted with the software package GenX
[53,54], using a slab model in which the layer’s thickness, roughness
and SLD are constrained between super- and subphases [55,56]. The
substrate parameters of the Cr and SiO; layers (i.e., SLD, thickness, and
roughness) were obtained from the reflectivity of the block measured in
air (cf. Table S1) and fixed for all subsequent potentials. Gold layer
thickness and the bulk SLD were fitted for the first applied potential (i.e.,
0 V) and fixed for the subsequent potentials. Additionally, a “micro-
slabbing™ approach [57] was applied for the gold-IL ion interfacial re-
gion fitting due to the gold layer roughness being comparable to the IL’s
molecular dimensions (cf. Fig. 1). This approach sliced the gold-1st IL
ion layer interfacial region into a series of 1 A thick slabs of 0 A
roughness. The SLD of every micro-slab is determined based on the
normal distribution of the volume fraction of gold and 1st IL ion layer,
which can describe a smooth transition in this region. Instead of the
interfacial gold roughness, the thickness of this interfacial region can be
fitted and fixed after the first applied potential [58]. Apart from these,
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the SLD of the interfacial layers, as well as the roughness of the IL/bulk
interfaces, were allowed to vary for all the fitted datasets.

A single-layer slab model was used initially for fitting, and subse-
quent layers were only invoked if the logarithmic figure of merit (FOM)
value decreased. For each simulation of different potentials, no pre-
defined interfacial structures were assumed. The layer SLDs were con-
strained to be in the range of the possible component species. The esti-
mated SLD of [Pg¢,6,14][BOB] was calculated from its measured mass
density (0.997 g/cm® at 25 °C) using an Anton Paar density meter
(DMA™ 4500 M). The densities, molecular volumes and SLDs of ions are
listed in Table 1, where the density and molecular volume of ions were
calculated from atomistic simulations [37]. The SLD profiles were ob-
tained from the best fits of the NR data, determined by the lowest log-
arithm of the FOM value with the minimum number of layers.

3. Results and discussion
3.1. Quartz crystal microbalance

QCM has a high mass sensitivity towards solution-surface interfacial
changes; it can detect mass changes corresponding to less than a
monolayer [59]. Thus, by monitoring the changes in frequency, QCM
can be used to study the effects of ion exchange and potentially reveal
the nature of the rearrangements and the various structures (e.g., over-
screening or checkerboard) at the solid-liquid interface [37]; it is
impossible to obtain the precise amount of IL in the film (a more con-
ventional use of QCM), rather, the measurements reveal the changes in
the film due to the effects of electric potential. Fig. 2 shows the reso-
nance frequency change as a function of time with different potentials
for the 20% wW/wW [P6,6,6,14] [BMB]/PC and the 20% wW/W [P6,6,6,14]
[BOB]/PC solutions. Upon polarisation of the gold surface (i.e., under
applied potentials), the IL/PC solutions showed an abrupt initial
response and a subsequent gradual decay towards a plateau value. Both
the initial response and plateau value change as a function of the
magnitude of the applied potentials and typically show opposite de-
pendences on the potential sign. The physical meaning of these two
features is analyzed separately below.

The abrupt initial frequency change values are plotted as a function of
applied potentials in Fig. 3 for the reference PC system and the two 20%
w/w IL solutions. Both the PC and the [Pg ¢ 6,14] [BMB] solution display a
linear response with the potential, with the PC having a slightly stronger
dependence. Due to its large dipole moment, a net response in PC
orientation to the applied potential is expected. In a molecular dynamic
(MD) simulation study, PC was found to be plentiful in the IL solution’s
EDL and altered its molecular orientation at different potentials on an
electrified graphite surface [60]. It seems likely that the high sensitivity
of QCM allows these orientational changes to be detected as a slight
change in the resonant frequency. The abruptness of this change reflects
the small size of the PC molecules and their ability to rapidly adapt to the
local electric field. The comparable linear behaviour of the [Pg g 6 14]
[BMB] system indicates a similar solvent response. This in turn suggests
both that there is significant solvent in the [Pg ¢ 6,14] [BMB] interfacial
film, and that the applied electric field is not as screened by the presence
of ions at the interface. For the [Pg ¢ 6,14] [BOB] solution, this solvent
response is undetectable at negative potentials and very weak at positive
values. The value at +0.8 V was masked by the very different behaviour
in that case (cf. Fig. 2d) and could not be extracted. It is likely the
consequence of structural changes, which will be discussed in more
detail later. A possible reason for this apparent difference is that the
smaller size of [BOB] anions, compared with [BMB]" (cf. Fig. 1), allows
them to pack more efficiently at the interface together with any (self-
assembled) cations, and results in less PC being present at the electrode
interface. The reduced response also reflects the greater charge disso-
ciation of the [Pg ¢,6,14] [BOB] in a polar medium [16], which alters both
the absolute amount of IL in the interfacial film and how much the
electric field is screened.



S. Li et al Journal of Colloid And Interface Science 652 (2023) 1240-1249
@ 4 (b) 8
—=— +0.8V|
—e— +0.6V
2 6
/I\T ’I\T —a— +0.4V
T T —v—+0.2V
o 0+ o 4-
=) o
c c
© ©
S 2 S 24
> >
2 2
[0) )
S -4 S 04
g — EJ' /
[T .
—o—-0.6V e
ok . -0.4V 21 (
—v—-0.2V
-84 r T r 41— T T T
0 50 100 150 200 0 50 100 150 200
Time (s) Time (s)
©) 4 @ 4
—=—-0.8V
—e—-0.6V
2 21
5 ™ —a—-0.4V ~
< <
o o 04
o o
c c
© ®©
S S -2
> >
2 2
) )
= 21
o o
[T .
-6 -6 4
-84 T T T -8-1= T T T
0 50 100 150 200 0 50 100 150 200
Time (s) Time (s)

Fig. 2. QCM resonance frequency changes as a function of time for 20% w/w [Pg ¢ 6 14] [BMB]/PC with negative potentials (a) and positive potentials (b), and 20%
w/W [P 66,141 [BOB]/PC with negative potentials (c) and positive potentials (d). For clarity, the curves are offset by 0.5 Hz from each other on the y-axis.
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20% w/W [Pg6,6,14] [BMB]/PC and 20% w/wW [Pg ¢ ,14][BOB]/PC. The error
bars represent the data’s maxima and minima values for three independent
experiments.

The second feature observed in Fig. 2 was a more gradual decay with
time towards a plateau to achieve a frequency (or mass) change of the
opposite sign to the solvent response. This second more significant and
prolonged response is due to changes in the composition and structure of
the ionic layers close to the polarized gold surface [36]. The frequency

1244

values of the plateaus were transformed into mass changes using Sau-
erbrey’s equation [51]. As mentioned above, while Sauerbrey’s equation
is strictly for elastically bound layers, this approximation has been
shown to be valid [37], since the viscosity and density of the medium do
not change, only the composition of the adsorbed film changes. These
mass changes are subsequently plotted as a function of applied poten-
tials in Fig. 4. Notably, these changes reflect the change in mass at the
electrode for each system and reveal nothing about the solvent content,
film structure and so on, which may be very different, as is in fact
implied by the data in Fig. 3. At negative potentials, the results broadly
show a decrease in mass for the IL systems, reflecting the different
densities of the molecules (density sequence: p.qion < P < Ppc < Panions
cf. Table 1), and is consistent with a slight increase in the number of (less
dense) cations relative to anions at the interface, as co-ions (i.e., [BMB]
or [BOB] anions) are effectively expelled in response to the negative
potential [37]. At positive potentials, both 20% w/w [Pg 6 614] [BMB]/
PC and 20% w/w [P 6 6,141 [BOB]/PC systems show a non-symmetrical
and complex variation, which points at a different mechanism that will
be discussed in more details later.

The 20% w/w [Pg6,6,14][BMB]/PC results show the two conse-
quences of using larger [BMB]" anions. Firstly, as implied in Fig. 3 and
from neutron reflectometry experiments [49], the interfacial layer has a
higher solvent content. Secondly, the self-assembly is constrained, and
there is a greater degree of ion-pairing with [P6,6,6,14]+ cations (ie., a
lower degree of dissociation), resulting in the dominant structure of the
EDL being an intrinsically checkerboard interfacial structure (cf. Fig. 5b-
d), but one where the number of cations and anions in the first layer
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Fig. 4. QCM mass changes as a function of applied potentials for pure PC, 20%
W/W [Pg6,6,14] [BMB]/PC and 20% w/w [Pg ¢ 614][BOB]/PC. For clarity, the
mass change for 20% w/w [Pg 6 6.14][BOB]/PC at the largest positive potential
(~0.8 V) is excluded, which is shown in the supplementary material (cf.
Figure S5). The error bars represent the data’s maxima and minima values for
three independent experiments (cf. Table S2).

varies systematically in response to the surface charge. (The number of
“dark and light squares” changes with the surface potential to retain the
analogy.) As was described in the preceding paragraph, a negatively
polarized surface would expel both [BMB] anions and potentially even
polarized PC molecules, and fill the resulting void with cations or
[Pe,6,6,14] [BMB] ion pairs from the solution, either or both of which
would tend to reduce the interfacial region mass. However, the mass
change with the sign of the charge is not symmetrical; the equivalent
argument for the displacement of cations (and possibly PC), with
replacement by intermediate-density IL ion pairs, would largely nullify
the mass change at positive potentials. This explains our observation of
the less pronounced mass change for [P¢ ¢ 6,14] [BMB]/PC in the positive
region. This argument is also supported by previous neutron data, which
is consistent with the replacement of cations with ion pairs [49],
although this argument was not explicitly discussed.

The situation becomes much more complicated for 20% w/w
[P6,6,6,14] [BOB]/PC. While the mass changes at negative potentials are
comparable (bear in mind that changes are observed, and this does not
mean the layers need to have similar structures or densities), the
behaviour at positive potentials is significantly different. The ion-
exchange density difference approach works well at negative and
small positive potential regions (—0.8 V to +0.4 V), where the denser
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[BOB]" anions (and possibly polarized PC) are expelled and their volume
formally replaced by neutral IL ion pairs, leading to a reduced mass for
negative potentials and a mass increase with positive potentials (i.e.,
sparser [P6,6,6,14]Jr cations exchanged by IL ion pairs). There is a dra-
matic change in behaviour at intermediate to large positive voltages,
with an opposite trend, rendering this approach inapplicable (cf. Fig. 4).
A pronounced negative mass change is observed in all repeated mea-
surements. Note that the error bars appear large in this area as a result of
averaging three curves that all change very steeply; the trend is repro-
ducible (cf. Table S2), but the transition point varies by a few mV. This
slight variation is possibly due to tiny differences in the placement of the
electrodes (i.e., WE-CE distance) or the voltage history (the exact time
and value of each applied potential were not rigidly controlled). A new
explanation for this anomalous mass change must be sought, which
considers the molecular architectures and ion packing behaviours.

In some recent studies, amphiphilic ILs with long alkyl chains on one
of the ions have been shown to self-assemble into bilayer structures at
electrified surfaces [32,61-63]. Because of the smaller structure of
[BOB] anions and high dissociation of the IL ions (with consequent
relative independence and mobility) [16], the [P(-,,(-,,G,H]+ cations are
more likely to form a bilayer structure at the electrified surface, at least
at negative potentials, which can be thought of as a self-assembly
modified Coulombic crowding phenomenon [45]; this behaviour is un-
characteristic of more conventional, non-self-assembling ILs. At nega-
tively and weakly positively polarized (up to ~ 0.4 V) surfaces, the polar
heads of the [P6,6,6,14]+ cations are electrostatically attracted to the
interface. The non-polar tails orientate outward, close to the non-polar
tails of a subsequent [P6,6,6,14]+ cation layer, thus forming a bilayer at
the interfacial region (in the “surfactant-like” sense of the word, cf.
Fig. 5e-f). At sufficiently high positive external voltages, the bilayer
structure of cations becomes untenable as the cation density becomes
too low to support a self-assembly structure (cations are repelled). This
necessarily induces an interphase transition to a more energetically
favoured EDL arrangement, i.e., a coulombically ordered checkerboard
structure (cf. Fig. 5g). It should be noted that the transition occurs at
positive polarity, resulting in more anions in the layer. As such, referring
to it as an “anion-rich interfacial layer” may be more appropriate. This
interphase transition from a highly dense bilayer structure to a more
sparsely populated, and thinner EDL structure should indeed result in a
dramatic mass reduction at higher positive voltages. However, it is not
sufficient to infer the above hypothesis from the QCM interfacial mass
change alone; it is desirable to provide complementary evidence using
other techniques to verify such phenomena. Neutron reflectometry, for
example, is one of the few techniques capable of directly supporting this
argument, as demonstrated in the ensuing section.

The frequency data from the QCM provides a measure of the
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Fig. 5. Proposed model for the EDL of two IL/PC systems on electrodes as a function of the potential. (a) The schematics for different molecules. (b-d) for 20% w/w
[P6,6,6,14] [BMB]/PC system. (e-g) for 20% w/w [Pe¢6,14] [BOB]/PC system. These cartoon schematics are not to scale, but to aid visualization of the molecular

structures. For the actual size of the molecules, please refer to Fig. 1.
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changing surface charge of the IL interfacial layer. An independent
measure of the change in charge can be obtained by monitoring the
potential externally as the system relaxes to OCP. After disconnecting
the external potential to the QCM cell, the OCP was thus monitored to
investigate the capacitive effect of the system. In a previous study, it was
demonstrated that the OCP decay of a neat IL or IL as an additive is
consistent with a diffusive discharging capacitor behaviour, according
to Equation (1) [36,37]:

ViVy
RQo

V = Vy-exp|— ] D

where V), is the initial applied voltage, R is the resistance, and Qo is the
initial charge density where Cy = Qo/ Vo,

Fig. 6 shows a representative graph where the decaying OCP is
plotted as a function of t'/2 for 20% w/w [Pg 66,141 [BOB]/PC solution
with negative applied potentials. However, it is challenging to fit the
data points to an exponential in the present case (Equation (1)), due to
the initial sharp decay in potential curves, particularly for high voltages
(cf. Fig. S6a). This sharp decay is inconsistent with the ideal, single-
component capacitor behaviour which was observed for neat IL [36],
which might be caused by the lower conductivity of the solvent (PC),
raising the resistance to the capacitive current across the cell, leading to
an additional capacitive voltage drop. At high voltages (especially for
+0.8 V), the deviation from the exponential fit caused by the solvent
term is clear. Equation (1) thus needs to be modified to take this addi-
tional solvent capacitive term into account for high voltages (+0.4 V to
+0.8 V):

ViVo
RQy

A value for the capacitance charge, extracted from the value of the
fitted exponential constant and the applied potential [36], can be re-
plotted as a function of applied potential. In Fig. 7, this capacitance
charge has arbitrary units because the resistance is unknown. The
agreement between the values obtained for the two systems is striking,
but expected since the system is 80% PC in both cases. The figure reveals
a rather linear relationship for the [P ¢ 6 14] [BMB]/PC system, as pre-
dicted for classical capacitive behaviour. However, the capacitive
behaviour deviates from a linear relationship at the voltage extremes for
the [Pg 6 6,14] [BOB]/PC system (cf. Fig. 7 +0.6 V, +0.8 V). The dramatic
changes in the apparent mass for the [Pg ¢ 6 14] [BOB]/PC system are not
reflected here since the capacitive charge is expected to be independent
of the interfacial structure; the system adopts a structure that minimizes
the energy, and the charge of the interfacial region is given by the ratio

V = Ay + Vyexp[—
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Fig. 6. OCP relaxation as a function of t'/2 for different negative potentials of
20% w/W [Pg 66,141 [BOB]/PC. The symbols represent experimental data, and
the solid lines represent the improved fits for the data using Equation (2).
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of anion and cations at any voltage. Nonetheless, the deviation in the
[Pe,6,6,14] [BOB]/PC system likely reflects a higher IL content in the
interfacial region (consistent with the results of Fig. 3).

3.2. Neutron reflectivity

Neutron reflectometry is one of the few techniques that provide in-
formation on the z dependence of the ion distributions (i.e., the variation
in chemical composition with distance from the surface). The intrinsic
sensitivity of neutrons to nuclei is a well-known and unique trait that can
be leveraged to increase or decrease the contribution of their scattering
from different portions of the solution by selecting materials with
considerably different SLDs or substituting different isotopes. With a
suitable selection of the SLDs of the surface, interfacial layer and solu-
tion, it is thus possible to obtain insight into the distribution of species
far from the surface. The SLD of the bulk solution was contrast matched
to that of gold, using deuterated PC (d-PC, SLD = 5.87 x 10 10\’2) to
enable sensitive probing of any changes to the interfacial region. Due to
the difference of SLD between the component ions, the changing SLD
upon ion exchange at the electrified surface can provide information
regarding the composition of the interfacial layer(s), as well as their
thickness [47].

Fig. 8a shows the NR curves for the 20% w/w [Pg 6 6 14][BOB] in d-
PC at a gold electrode surface for three different potentials (0 V, —1.5V,
+0.5 V). The pronounced Kiessig fringes indicate a strong SLD contrast
between the interfacial region and the gold electrode. The NR profile
would be featureless if no structured layers were present at the gold
interface. With applied potentials, the changes in the positions of the
Kiessig fringe maxima and minima indicate the changing thickness of
the interfacial layers. The variation in the Kiessig fringe amplitude sig-
nifies the change of SLD at the gold-IL solution interface. For the positive
potential (+0.5 V), there was a slight shift towards higher Q and reduced
amplitudes in the Kiessig fringes, suggesting a more diffuse interfacial
layer with less SLD contrast to the gold electrode. The reflectivity dif-
ference for both polarized potentials (with respect to 0 V) was calculated
and is shown as asymmetry plots in Fig. 8a inset. For both positive and
negative potentials, an oscillatory function was observed across the
whole Q, range, suggesting a systematic electro-responsivity of the IL at
the gold interface.

The SLD profiles corresponding to the best fit to the reflectivity
curves as a function of the distance from the gold surface (z = 0) are
shown in Fig. 8b. The solution SLD could not be perfectly matched to the
gold due to the lower SLD of the dissolved IL, as seen from the SLD
profiles in Fig. 8b derived from fitting the curves in Fig. 8a. With
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Fig. 8. (a) Experimental neutron reflectivity, R, of 20% w/w [Pg ¢ 6 14][BOB] in d-PC at the gold electrode surface for different applied potentials (applied order as
indicated in the legend) as a function of the momentum transfer vector Q.. The symbols show the experimental data, whilst the solid lines represent the simulated
reflectivities obtained from the best fit to the data. For clarity, the curves have been offset on the y-axis. For comparison, the dashed line shows the predicted

reflectivity for the same surface and solution without an interfacial IL layer. The inset shows asymmetry plots AR =

[Sg;:ﬁgj;], highlighting the difference of

reflectivity between polarized potentials and 0 V. (b) Corresponding model SLD profiles obtained from the best fits to the reflectivity curves as a function of distance
z, where the gold-solution interface is located at z = 0. Dashed lines represent the corresponding pure component SLDs.

different applied potentials, the thickness and average SLD of the
interfacial region both vary. For 0 V and —1.5 V, a one-layer model is
sufficient to capture the features of the reflectivity curves, and an
additional layer model did not provide a noticeable improvement in fit
quality (lower FOM). The two-layer model afforded a better fit for +-0.5
V (cf. Figure S7), consisting of a significant SLD drop close to the elec-
trode interface, followed by a broader layer with higher SLD. The spe-
cific parameters obtained from the fits (layer thickness, roughness, and
SLD) can be found in the Supplementary Information (cf. Table S3).
Overall, the SLD profiles demonstrate a broad interfacial region with
relatively low SLDs for all the applied potentials, which can be attrib-
uted to increased ion density at the gold interface. Note that an unam-
biguous absolute composition cannot be extracted from the fits, due to
an unknown solvent composition. However, the changes in composition
can be easily followed. At 0 V, the boundary layer’s relatively low SLD
suggests a high cation concentration at the gold interface. The depth of
this minimum is notably lower at the negative potential, indicating a
surface enrichment of cations. Moreover, the slightly decreased thick-
ness of the boundary layer at —1.5 V commensurates with a more well-
defined, condensed cation layer at the interface, which is expected to
counter the negative surface potential. The thickness of the layer under
these conditions is also consistent with a bilayer structure. Upon
reversing the potential bias to +0.5 V, the SLD profile shows a dramatic
change. The depth of the minimum of the SLD increases. In addition, the
SLD profile presents a significantly reduced thickness for the first layer,
which is comparable with the [BOB] anion’s size at the positive po-
tential. Together, these changes in the SLD profile can be inferred as an
interfacial structure transition from the self-assembled bilayer cation
domain to an anion-rich interfacial layer as suggested by our QCM data.

An estimation of interfacial SLD based on the change of “mass
charge” from QCM data was applied to check the consistency of the two
characterizations. To the best of the authors’ knowledge, this has not
been attempted before. The description of the conversion between mass
change and mass “charge” change can be found in the Supplementary
Information (cf. Table S4) and previous publication by N. Hjalmarsson
et al. [37]. Briefly, the change in charge from QCM data could be used to
calculate the number of counter ions needed to balance the electrode’s
charge within the applied potential. For simplicity, the ions are
considered as spheres, and their occupied area is described by their
largest cross-sectional area. Any electrode area not occupied by the
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counterions is assumed to be filled with ion pairs. PC is treated as
“volume-free” because it could fill voids between and/or within ions.
The ratio between the number of each species (e.g., counterion, ion pair,
d-PC as solvent molecule) can then be used to estimate what the SLD
should be very coarsely. See the Supplementary Information for more
details on the calculation and results (cf. Table S5).

From the QCM results, a relationship between inferred charge and
voltage can be extracted. The surface charge at the applied potential of
+0.5 V is estimated at 35.6 uC/cm?. If this charge is balanced by anions
layer, and the remaining space is assigned to ion pairs, then this results
in a predicted SLD of 3.4 x 10° A" 2 3.6 x 10° A2, 0r 3.8 x 10° A2,
assuming a deuterated solvent molar fraction of 0, 10% and 20%,
respectively, inclusion of solvent results in an SLD higher than that
actually measured, (owing to the high SLD of d-PC). The zero solvent
predicted SLD, however, is remarkably close to that measured by NR (cf.
Fig. 8 red line and value 3.25 x 10 i\’z, in Table S3). This calculation
in turn implies that, due to the very different ion volumes, the anion
molar faction is 98%, consistent with a thin coulombically ordered layer
that is mainly composed of anions. At the same time, and accepting the
crudity of the model, this well-matched SLD prediction provides strong
support for the contention of a smaller solvent effect for the [Pe ¢ 14]
[BOB]/PC system, implied by the QCM data (cf. Fig. 3 and Fig. 7).

4. Conclusions

The interfacial composition and structure of two novel, non-
halogenated ionic liquids (ILs) (trihexyl(tetradecyl)phosphonium-bis
(mandelato)borate, [Pe,6,6,14] [BMB] and trihexyl(tetradecyl)
phosphonium-bis(oxalato)borate, [Pg ¢ 6 14][BOB]) dissolved in a polar
solvent (propylene carbonate, PC) have been studied as a function of
potential. Both electro-responsivity of the polar solvent and the IL
interfacial layer can be observed and measured, due to the very different
time scales of their response. Changes in the quartz crystal microbalance
(QCM) resonant frequency revealed the electro-response of PC as a pure
polar liquid, and this effect was also demonstrated in the [Pgg 6 14]
[BMB]/PC system, indicating a significant solvent component of the IL
interfacial film due to the larger size of the [BMB] anion. Meanwhile,
the interfacial mass variations for [Pg ¢ 6 14] [BMB]/PC may be ascribed
to the density difference of exchanged ions as the IL interfacial film
responds to different potentials.
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By contrast, the [Pg ¢,6,14] [BOB]/PC showed a weaker solvent effect
as the consequence of the higher dissociation of the IL and smaller
structure of [BOB]  anion, leading to a lower overall solvent fraction. In
addition, a hitherto unobserved phenomenon was revealed for this
system, whereby the externally applied voltage triggered an abrupt
interphase transition from a bilayer composed of [P6,6,6,14]+ cations to a
coulombically ordered monolayer. This electro-responsive transition of
the latter system at the electrified interface was also studied using
neutron reflectivity (NR) as an independent approach to confirm this
observation. The NR data clearly support the hypothesis of a sharp,
“catastrophic” transition from a thicker bilayer structure to an anion-
rich, thin interfacial layer at an intermediate positive potential.
Finally, we demonstrate for the first time that the inferred mass changes
from electro-responsive QCM can be translated directly into corre-
sponding scattering length density (SLD) changes in neutron reflectance,
opening a new route for characterizing electrified interfaces in IL
systems.

The idea of interfacial self-assembly structures in ILs is not in itself
new: the electric double layer (EDL) of pure ILs has been explored in
depth with various advanced techniques [16,30,32,34,35], and also
recently in polar solvents [47,49,58,64]. However, many of the ILs
studied contain fluorine (FAILs), which can bring toxic and corrosive
risks, particularly in environments where high pressures can be expe-
rienced. The response of self-assembly to potential is less well studied,
particularly in solvents, and the interphase transition observed here is
novel. This study may well explain some of the irreversible effects that
appear to bedevil the community. It also provides the possibility of a
“behavioural switch”. Rather than the systematic response to the applied
potential of the interfacial composition, and related properties such as
friction coefficient [8,9,64], a threshold potential can be achieved at
which the interphase transition leads to an abrupt change.

This study demonstrates that the interfacial structures of ILs can be
modified as a function of applied potential, and the nature of the
response to different polarities is strongly dependent on the nature and
structure of the ionic species as well as solvent composition. It provides
valuable molecular insight into the electro-tunability of IL boundary
layers, which in future work for us and the field as a whole, will guide
the development of future ionic liquid applications, and on the imme-
diate horizon, the implementation of switch-based tribotronics and the
design of IL-based multilayer supercapacitors.
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