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ABSTRACT: Reactive-atom scattering (RAS) using laser-ablated
aluminum projectiles has been applied to probe the exposure of
fluorinated anions at ionic-liquid (IL) surfaces. Gas-phase AIF was
detected by laser-induced fluorescence (LIF) following interaction
of the Al plume with ILs containing bis(trifluoromethylsulfonyl)-
imide ([Tf,N]"), trifluoromethanesulfonate ([OTf]~), and tetra-
fluoroborate ([BF,]”) anions, paired with 1-ethyl-3-methylimida-
zolium ([C,mim]*) or l-octyl-3-methylimidazolium ([Cgmim]*)
cations. Clear AIF signals were observed for all three fluorinated
anions, though yields varied markedly, with relative intensities
following the sequence [BF,]” > [Tf,N]™ > [OTf]". Molecular
dynamics (MD) simulations employing solvent-accessible surface
area and a ball-drop algorithm provided quantitative predictions of
F-atom outer-surface exposure, defined as the combined surface area of atoms directly accessible to a probe particle of specified
radius, which were compared with experimental AIF yields. The reduction in F-atom exposure, qualitatively expected with an
increase in cation alkyl-chain length, was predicted by MD for all three anions and observed in the AIF yields from salts with [BF,]~
and [Tf,N]~. However, even for these salts, there were a number of quantitative differences between the predictions of outer-surface
exposure and AIF yields, which may partially be explained by penetration of the incident projectiles below the alkyl-chain layer
present at the extreme outer surface of the liquids. Discrepancies for [OTf] salts were much larger and are most likely evidence for
anion-specific competing primary reactions that suppress AlF production, or for secondary processes that prevent it from surviving
and escaping into the gas phase. These results provide new insight into the subtlety of the reactions of the species in the Al plume
with fluorinated anions and point to the further understanding that is needed to establish Al-ablation RAS-LIF as a quantitative
probe of fluorinated species at IL interfaces.

B INTRODUCTION ance derives in part from the well-known differential
The gas—liquid interface plays a crucial role in numerous solubilities and transport properties of substrates and products
environmental and industrial processes. One category of in prototypical reactions such as hydrogenation or hydro-
liquids whose surfaces have been of particular interest in formylation of small alkenes.'' ™" It is also postulated that the
recent years is ionic liquids (ILs). ILs are often defined as salts surface activity of metal—ligand complexes in different media
that remain liquid below 100 °C. Their unique properties, such will affect their performance as homogeneous catalysts.'*~"*

as low vapor pressure, thermal stability, solvation versatility, ILs have been studied using a variety of classical and
and broad electrochemical windows, have made them advanced techniques to better understand their interfacial
attractive for a wide range of applications.'”’ Among their composition and structure. Classical methods such as surface

many uses, surface properties of ILs are particularly critical in
processes such as gas separation and multiphase catalysis
where gas-phase molecules are accommodated at and trans- -
ported through the gas—liquid interface.”” There are ongoing Rec?wed: December 10, 2025
efforts to identify ILs best-suited for specific tasks such as Revised:  February 2, 2026
these, and in parallel to devise surface-analytical methods to Accepted: February 3, 2026
establish a rational basis for why certain materials provide Published: February 12, 2026
improved performance.””'" The expectation that the reaction

medium will have a significant influence on catalytic perform-

tension provide indirect insights, because the observed bulk
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quantity can only be related to surface composition through
some form of modeling or fitting.'"” More sophisticated
approaches include neutron and X-ray reflectometry; "™’
although it is still the case that chemical composition must be
inferred indirectly from a model of a secondary property
(electron density or scattering-length density). Methods that
are more intrinsically chemically specific include angle-resolved
photoelectron spectroscopy (ARXPS);**~*” Rutherford back-
scattering (RBS);** " low-energy ion scattering (LEIS);>' ™
neutral-impact-collision ion-scattering spectroscopy (NI-
CISS);>* ™" secondary-ion mass spectrometry (SIMS);****
metastable-atom electron spectroscopy (MAES)/metastable-
induced electron spectroscopy (MIES);*”**** and nonlinear
optical spectroscopies, particularly sum-frequency generation
(SFG).g’ 1-44

The method that we apply here is a variant of reactive-atom
scattering (RAS), which we have developed jointly with
Minton and co-workers.'”**™>° In the original implementation
of RAS and in most of its applications to-date in the
characterization of IL surfaces, O atoms were used as the
probe projectile. The scattered chemical products resulting
from reaction at specific sites on the IL surface were detected
either by mass spectrometry (in RAS-MS) or by laser-induced
fluorescence (in RAS-LIF). In the ILs studied, the OH (and
H,O detectable by RAS-MS) ‘reporter’ products can effectively
only be produced in reaction with the alkyl chains present in
the cationic component, thus providing chemical specificity.
This has allowed the factors determining alkyl-chain exposure
to have been established successfully in a wide range of IL
materials, including the effects of alkyl chain length,” ™" the
nature of the cation headgroup,”” the identity of the
counterion,” and, importantly, competition for surface sites
in mixtures of ILs.>>>**® Where available, these results are
generally complemented by and corroborate those of other
methods, at least at a qualitative level.

The surface sensitivity of RAS derives from similar principles
to those of the other methods noted above that are based on
exposing the liquid to an incident projectile (in a general sense,
such as the reactive atom in RAS, or e.g. an ionizing photon
(ARXPS) or incident ion (RBS, LEIS, NICISS, SIMS) or
metastable atom (MAES/MIES)). In general, it results from a
combination of two factors: the penetration depth of the initial
projectile into the liquid, and the probability of the reporter
species escaping from a given depth and being detected. The
reporter may be the initial projectile itself (e.g,, RBS, LEIS) or
some secondary species that is generated by it (e.g, SIMS,
NICISS, ARXPS, MAES/MIES, and RAS as used here).

The MAES/MIES methods, for example, achieve their high
surface sensitivity through the very shallow penetration by the
incident metastable He* atoms. However, this is not a
requirement in RAS, nor the other related methods, if escape
of the reporter is either prevented from greater depths, or its
properties provide information on the depth from which it has
been emitted. In ARXPS, as a contrasting example, the
penetration of the initial ionizing X-ray photons into the bulk is
very deep but the high probability of inelastic scattering allows
elastic photoelectrons that were generated nearest the surface
to be distinguished from those that originated at greater
depths.

Surface sensitivity can also be enhanced by using near-
grazing incidence angles, such as in SIMS. In its application to
typical ILs, a high-energy ion projectile (e.g, He* or C*)
generates a wide range of secondary ions from species present
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at the surface.’”® There have also been ion-scattering
experiments at considerably lower incident energies, which
are conceptually closely related to RAS and are known as
‘reactive-ion scattering’ (RIS).”’~>” They have been applied to
self-assembled monolayers (SAMs), which share many of the
features of liquid surfaces. As a specific example, Jacobs and co-
workers employed ~5—40 €V incident O ions in combination
with detection of product OH™ from thioalkyl SAM
surfaces.””®" This again exemplifies how surface sensitivity
can arise through some combination of the penetration
between the chains by the O" projectile and successful escape
of the OH™ reporter that is produced through chemical
reaction and double electron transfer.

A particular feature of RAS-LIF, as previously implemented,
was that it used photolytically generated O atoms at only
moderately superthermal incident energies, with mean incident
energy (E;) = 16 kJ mol 1. **%*%* The dynamical character-
istics of the product OH confirmed that they could not have
suffered significant interactions with surrounding molecules
before escaping into the gas phase. We have noted previously
that the paralle] RAS-MS measurements with higher-energy O
atoms ((E;) = ~500 kJ mol™") from a laser-detonation source
gave qualitatively similar, but quantitatively different, results on
surface composition from RAS-LIE.*” This implies that the
degree of surface sensitivity is affected by the incident energy,
with higher-energy projectiles being somewhat less sensitive to
subtle differences in the surface structure.

The RAS-LIF results with low-energy O atoms led us to
conclude that this technique approached a very extreme
version of surface specificity, which we define to be detecting
only those surface atoms that are impacted directly by the
probe projectile approaching from the gas phase without
encountering any other atoms. We denote this as ‘outer-surface
exposure’. Part of its utility is that it is a limiting case that is
rigorously defined and can be quantified through molecular
dynamics simulations of the surface structure.””*****° The
other limit would correspond to no surface sensitivity, where
the observations of relative proportions of different chemical
components should obviously converge on those of the bulk
liquid. As we shall consider in detail for some examples in this
work and is well established through extensive molecular
dynamics (MD) simulations on a range of IL sys-
tems,”?5¥9%% the bulk structure is typically only fully
developed at depths that correspond to several molecular-level
layers. This whole ‘nonbulk’ region constitutes the surface in
one sense, but the composition that is reported will depend on
the specific range of depths that is sampled. Consequently, it is
common for the apparent surface exposures of particular
species to differ according to the techniques used.*’

The successful measurements of alkyl-chain exposure
provide the base from which we hope to expand RAS-LIF to
other functional groups present at the surfaces of ILs.
Specifically, in this work, we further explore a potential new
RAS probe for the presence of fluorinated species at IL surfaces
that we have introduced most recently.®* The desire to detect
F is motivated both by its presence in a range of common
anions used in ILs and, more specifically, is stimulated by our
previous work on IL mixtures contain alkyl and fluoroalkyl
chains.> % Through O atom RAS-LIF measurements, we were
only able to infer preferential occupation of the surface by
fluoroalkyl chains indirectly, on account of a deficit in the OH
signal attributed to a reduction in exposed alkyl chains.”® It is,
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Figure 1. Chemical structures of the ionic components of the ionic liquids investigated in this work; [C,mim]* = 1-ethyl-3-methylimidazolium,

[Cgmim]* 1-octyl-3-methylimidazolium, [Tf,N]~
tetrafluoroborate.

bis(trifluoromethylsulfonyl)imide, [OTf]~

= trifluoromethanesulfonate, [BF,]” =

therefore, desirable in such circumstances to be able to confirm
the surface fluorine by direct detection.

The interest in mixtures such as these, consisting of
contrasting functionalities, is driven by the search for ILs
that are optimized for particular applications. In general, trial-
and-error testing of the very large number of conceivable
binary combinations of cations and anions is both inefficient
and practically impossible. A much more efficient strategy to
fine-tune the resulting properties is, therefore, to prepare
mixtures of ILs, such as those containing fluoroalkyl and alkyl
substituents, in different proportions.’***~”” The well-known
differences in molecular-level properties (volume, stiffness,
polarity, and polarizability) between alkyl and fluoroalkyl
chains can be expected to lead to controllable changes in bulk
and surface properties such as density, viscosity, hydro-
phobicity, surface tension, etc.

This work builds on our initial report that fluorinated surface
groups can be detected via their reaction with an ablated Al
plume.®* It was demonstrated that a pair of ILs containing the
fluorinated bis(trifluoromethylsulfonyl)imide anion, denoted
[TE,N]™, successfully produced gas-phase AIF. The relative
yields were consistent with previous LEIS measurements by
Villar-Garcia et al., which are one of the few existing sources of
information on exposure of anions at IL surfaces.”” Although
the primary motivation here is interest in developing new
analytical probes of liquid surfaces, we note in passing that
there are other contexts in which the reactions of energetic
metallic species, and Al in particular, with the surfaces of
liquids and other materials are important. These include
energetic materials ignited by laser ablation, including Al in
fluorinated matrices designed to be used as propellants,”®~*°
and the interactions of ablated Al with a liquid medium as a
method for the synthesis of nanoparticles.”’

RAS-LIF based on Al ablation and AIF detection is still in its
infancy. It is not yet known which reactive species in the Al
plume are responsible for AlF production, nor what effect the
kinetic energies of those species might have on its surface
specificity or generality for detection of different F-containing
species. Indeed, AIF production is currently only established
for one type of fluorinated anion, [Tf,N]~, as noted above.**
We extend that here by applying it to a broader range of ILs
containing different fluorinated anions, including two fluo-
rosulfonate anions, [Tf,N]~, as previously, and trifluorome-
thanesulfonate, [OTf]™, and the smaller inorganic tetrafluor-
oborate anion, [BF,]”. The F-atom chemical environments
appear at least superficially similar in [Tf,N]~ and [OTf]", but
more obviously distinct in [BF,]~ (see Figure 1). We combine
these three anions with two cations ([C,mim]* and [Cgmim]*
- Figure 1) from the well-studied 1-alkyl-3-methylimidazolium
family, to assess any effect of alkyl chain length on detected
levels of AIF.

The resulting AIF yield measurements are compared with
quantitative analysis of molecular dynamics (MD) simulations
for all the studied ILs. Their outer surfaces are analyzed using
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an implementation of the ‘ball-drop’ method, conceptually
similar to that first proposed by Partay et al,** in combination
with the well-established solvent-accessible-surface area
(SASA) method.*® In this way, a quantitative measure of
outer-surface exposure (as defined above) is obtained. The
extent to which relative AIF yields reflect these predicted
exposures is established, providing insight into the degree of
surface sensitivity and scope of this new variant of the RAS-LIF
method.

B EXPERIMENTAL METHODS

Experiments were performed using the apparatus described
previously,”* with two modifications. First, the ablation laser was
upgraded from a Continuum Minilite II to a Continuum Surelite I-10,
which has a higher pulse energy (and larger beam diameter), which
allows a wider range of fluences to be investigated. Second, the
apertures between the source and the wheel were reduced in size from
their original diameters of 18 to 5 mm and 10 mm, respectively, for
those closest to the source and to the liquid-coated wheel, to further
ensure a well-collimated incident beam.

In brief, the second-harmonic (532 nm) output of a Nd:YAG laser
was focused onto an Al-metal rod. The rod was rotated every fifth
laser shot and translated vertically after a near-complete rotation by
stepper motors to ensure consistency of production. The Al plume
produced traveled 480 mm to the target liquid surface, passing
through the two apertures on the way. Continually refreshed liquid
surfaces were prepared on the surfaces of rotating stainless-steel
wheels. Four equivalent wheels were mounted in a rotatable square
assembly which allowed signals from up to four liquids to be
compared directly without breaking vacuum.’' The gas-phase AIF
generated was probed 10 mm in front of the wheel by laser-induced
fluorescence (LIF). The probe-laser light was produced by frequency
doubling the fundamental output of a Nd:YAG-laser-pumped dye
laser, with an energy of 0.25 yJ in a ~5 ns pulse at around 227 nm.
The fluorescence was collected by a system of lenses and detected
using a photomultiplier tube. The output signal was recorded using an
oscilloscope.

The LIF signals were excited from the electronic ground state AIF
on the A'TI-X'S' transition. For the purposes of accumulating
excitation spectra or appearance profiles, the LIF signal was isolated
from residual scattered probe laser light in software by integrating
over a time gate of width 15 ns immediately after the probe pulse. A
background gate (width 60 ns) positioned before the probe pulse was
used to correct for any DC fluctuations. For appearance profiles,
signals were averaged over 50 laser shots per delay between ablation-
laser and probe-laser pulses. Delays were chosen in a random order to
minimize any systematic drift in source production or laser stability.
Five individual profiles were recorded for one sample of liquid,
immediately followed by five profiles of the reference liquid,
[C,mim][Tf,N]. Each of these measurements was repeated at least
three times independently on different days.

The ILs [C,mim][BF,], [Cgmim][BF,], [C,mim][OTf], and
[Cymim][OTf], were sourced commercially (io-li-tec, Germany).
[C,mim][T£,N] and [Cemim][Tf,N] were synthesized as described
in our previous work.””** In the particular case of [C,mim][OTf], for
reasons that will become clear below, we also synthesized a sample
independently according to the method in the Supporting
Information. We confirmed the chemical composition of both
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samples of [C,mim][OTf] using 'H and "’F NMR spectroscopy, as
also described in the Supporting Information.

All samples were degassed in a separate purpose-built vacuum
chamber at a pressure of <107 mbar for at least 3 h prior to being
transferred to the reaction chamber, where they were held at a
common temperature of 320 K and at a typical base pressure of <107’
mbar for a period of at least 12 h before measurements were recorded.

B COMPUTATIONAL METHODS

MD Simulation Procedure

MD simulations of the ILs were performed using GROMACS version
2022.1 and the CL&P extensions™ "’ to the OPLS-AA force field.”
Simulations were performed for all systems consisting of 800 ion pairs
following the procedure defined previously as ‘Protocol 1’,°® which we
summarize here. First, the bulk liquid was simulated. Ions in a single
conformation for each type were packed randomly into a cubic box of
side length between 7 and 9 nm. Steepest-decent energy minimization
was performed before each liquid was simulated under NPT
conditions for ~0.5 ns using a Berendsen barostat (1 bar) and
velocity-rescaling thermostat at 500 K. Subsequently, the systems
were simulated using a Parrinello—Rahman barostat (1 bar) and a
velocity-rescaling thermostat at 320 K (the experimental temperature
used in this work). The number densities of different atom types in
the bulk phase were captured for comparison later in the analysis. The
final frame from the bulk run was extended in the z-dimension by a
factor of 3. This allowed the simulation of a slab approximately 7—9
nm thick with two vacuum interfaces while still using periodic
boundary conditions. Under NVT conditions, 8 repeated cycles of 5
ns at 320 K followed by S ns at 500 K were performed to equilibrate
the slab, before a final 10 ns simulation at 320 K was run. Results
reported here were taken from averages over this final 10 ns run.

MD Surface Analysis

Initially, the SASA algorithm® incorporated in GROMACS was used
to determine the areas of the fluorine atoms exposed at the surface.
Following the procedure established in our O atom work,*® we used a
probe-particle radius of 0.18 nm that is close to the van der Waals
radius of an Al atom. Previously we had found that the SASA
algorithm could identify unwanted contributions from voids in the
bulk. It is possible to use thresholding approaches to suppress these
contributions,”® but in this work we have developed an alternative
ball-drop algorithm to identify unambiguously only surface atoms.
This was an original implementation of conceptually similar
approaches devised originally for water but also applied to IL
surfaces, sometimes known as ‘identification of the truly interfacial
molecules’ (ITIM).***! 1t is based on ‘dropping’ a probe-particle ball
(again, here, of radius 0.18 nm) toward the surface along the surface
normal (z-axis) with fixed x and y coordinates. The first atom which
the ball hits (defined as a touching or overlap of the probe particle
with the van der Waals volume of the atom in the simulation) is
identified as a surface atom. This process is repeated over a mesh of
spacing 0.02 nm in both x and y directions for both vacuum-liquid
interfaces to identify all the surface atoms in the system. We note that,
in general, for nonzero angles of incidence, balls should be dropped
along vectors tracing out a cone around the surface normal with its tip
at the point of impact to represent the different accessible pathways to
hit an atom. However, in the current work we are using this approach
to make comparisons with our experimental data for which
experimental geometric constraints limit the maximum angle of
incidence to < +1°, so it is not necessary in this case.

Data from the ball drop and SASA approaches were combined to
ensure that only the areas of atoms identified as being at the surface
were included. The accessible areas of each of the target atoms were
obtained from the SASA data, and the ball drop method was used to
filter only those atoms present at the surface. The total area of all such
atoms of each type present in a liquid was summed, allowing the
fractional surface coverages by each atom type to be determined. This
analysis was performed on selected frames from the MD trajectory
spaced 0.4 ns apart; this value was determined by a block-analysis

2978

approach,” ensuring that only broadly uncorrelated frames are
analyzed.>

Z-density profiles (number density as a function of distance along
the surface normal) for different atom types were determined by
averaging over snapshots at the same set of intervals, using the
standard tools available within GROMACS.

B RESULTS
RAS-LIF Measurements

As in our previous work,** the identity of the species detected
following exposure of the IL surfaces to the Al-ablation plume
was confirmed to be AIF by recording LIF excitation spectra, as
in the representative example in Figure 2. This shows clearly
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Figure 2. LIF excitation spectrum (upper trace - red line) of
AIF(A'TI-X'S*) diagonal bands recorded from reaction of the Al
plume with [C,mim][Tf,N]. Recorded at an ablation-probe delazr of
50 s, with SO shots per point. Comparison with PGOPHER">™%¢
simulation (lower trace — black line), assuming a rotational
temperature of 300 K for all vibrational levels and a synthesis of
several vibrational temperatures up to 1500 K.

the expected structure, as evident from the simulation using
the PGOPHER package,” ™" of the AIF(A'TI-X'Z") diagonal
bands, and, in addition, contains some information about the
rovibrational distribution of the AIF escaping the surface. Note
that although an assumed rotational temperature of 300 K
matches the experimental rotational distribution reasonably
well, it is necessary to include small but significant populations
in vibrational levels up to at least v’ = S to reproduce the
observed weaker bandheads on the higher diagonal bands.

AIF appearance profiles (see Figure 3) were recorded on the
peak of the dominant Q-branch bandhead of the A-X (0,0)
band at 227.4 nm for the full range of ILs and at two different
ablation-laser fluences, which we denote Tlow’ (11.3 J cm™%
corresponding to a 8.0 mJ pulse in a nominal 7.07 X 10™* cm?
area) and ‘high’ (42.4 J cm™%; 30.0 mJ pulse in the same area)
fluence. For comparison, the empirical threshold for generating
ablated species that results in measurable AlF yields is around 3
mJ pulse™ (or 4 J cm™) with our current experimental
arrangement. AlF signals in Figure 3 are normalized to those
from [C,mim][TE,N] at high fluence.

As Figure 3b shows, at the high ablation fluence clear AIF
signals were detected from ILs containing all three fluorinated
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Figure 3. Appearance profiles of AlF recorded at (a) low and (b) high ablation fluence for (i) [C,mim][X] and (ii) [Cgmim][X], where [X] =
[T£,N] (black), [BF,] (red) and [OTf] (blue). Signals are normalized to that of [C,mim][Tf,N] at high fluence. The intensity scales in (a) and
(b) correctly reflect the measured low-fluence-to-high-fluence ratio of signals for [C,mim][Tf,N] of 0.36 + 0.01.

anions, yet the AIF yields vary substantially, with relative
intensities from [C,mim]* ILs in the sequence [BF,]” >
[T,N]™ > [OTf]". This sequence is essentially retained for
[Cgmim]* ILs, but with overall reductions in yield relative to
[C,mim]* for both the [BF,]” and [Tf,N]~ salts. The yield
from [Cgmim][OTf] remains much lower than from the other
two [Cgmim]* ILs, although if anything has increased
marginally over that observed for [C,mim][OTf]. These low
yields from [OTf] -containing ILs were a considerable
surprise, motivating us to confirm them in separate experi-
ments using independent sources of [C,mim][OTf] , as shown
in the Supporting Information. We conclude, therefore, that
the low yields are an authentic feature of these [OTf] " salts.

AIF yields were, not surprisingly, generally suppressed at
lower Al-ablation fluences. The estimated relative yield of
[C,mim][T£,N] at low fluence is (36 = 1)% of that at high
fluence (hence note that this is reflected in the scales in Figure
3a,b). Inspection of Figure 3 shows that there are only quite
subtle effects of fluence on the relative yields from salts with
[T£,N]”™ and [BF,]” anions, which also depend only
moderately on alkyl chain length of the cation. The already-
weak signals from [OTf]”™ became too small at these lower
ablation fluences to be quantified reliably and have, therefore,
been omitted.

Quantitative yields of AIF were derived by integrating the
appearance profiles between delays of 20 and 150 ps, capturing
the majority of the signals for all the ILs. (The upper limit is
set to avoid any contribution from AIF molecules that may
have suffered secondary collisions with surrounding parts of
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the apparatus and returned to the probe region.) The data are
summarized in Table 1. The one previous result with which we
can compare directly is our own proof-of-concept measure-
ment of 0.52 =+ 0.05 for the relative AIF yields from
[Cemim][TE,N] and[C,mim][T£,N].** This was taken under
relatively low-fluence conditions, with a pulse energy of 8 mJ.
This is nominally the same as our low-fluence measurements
here, which give a ratio of 0.586 + 0.002. This level of
agreement, almost within the 1o uncertainties, is considered
reasonably good, given the potential differences in the ablation-
laser beam profiles and that the results here vary with fluence,
increasing to 0.821 =+ 0.036 at the higher pulse energy of 30

m].
MD Simulations

MD simulations were carried out for all six salts to gain a better
understanding of the nature and organization at the IL
surfaces. Representative snapshots from the fully equilibrated
sections of the MD trajectories are shown in Figure 4 (plan
view) and Figure S (side view). Color coding is designed to
emphasize exposure of F atoms; those shown in blue are
accessible to the probe particle in the ball-drop method. Those
in pink are visible by eye to an observer looking vertically down
on the surface, but not accessible to the probe particle with the
chosen radius due to the proximity of other groups.
Inspection of Figure 4 suggests that the ratio of exposed F
atoms per unit area for the [C,mim]* ILs is in the sequence
[TE,N]™ > [OTf]” > [BF,]”. This sequence is maintained for
[Cgmim]* ILs, but with a very substantial reduction in F-atom
exposure for all three anions, with the surfaces unsurprisingly
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Table 1. Measured Relative RAS-LIF Yields of AIF at
Different Ablation Fluences and MD Predictions of Relative
F-Atom Outer-Surface Exposure in Different ILs?

MD F-atom outer-

RAS-LIF AIF yield surface exposure

low fluence high fluence absolute
ionic liquid rel to re rel to ref” rel to ref? fraction®
[C,mim][TEN] 1 1 1 0.605 +
low:high’ = 0.36 + 0.01 0.002
[Cemim][TEN]  0.586 + 0.821 +0.036 0274 +  0.166 +
0.002 0.004 0.003
low:high’ = 0.30 + 0.02
Cy/C, [TEN]E  0.586 + 0.821 = 0.036 0274 + 0.004
0.002
[C,mim][BF,] 1170 + 1266 +0.026 0339 + 0205 +
0.026 0.004 0.002
low:high' = 0.33 + 0.02
[Cemim][ BF,]  0.787 + 0774 + 0.038 0046 +  0.028 +
0.052 0.001 0.001
low:high' = 0.37 + 0.02
Cs/C, [ BR,]" 0673 + 0.611 + 0.033 0.137 + 0.004
0.047
[C,mim][OT] 0.067 + 0.868 +  0.525 +
0.004 0.005 0.003
[Cgmim][OT] 0085+ 0012 0134+ 0081 +
0.003 0.002
Cy/C, [OTEY 127 +£ 0.19  0.154 + 0.003

“Quoted uncertainties are 1o standard error in the mean, based on
repeated measurements of integrated appearance profiles (RAS-LIF
yields) or variations between multiple independent equilibrated
snapshots as described in the text (MD). PAIF yield relative to
reference material, [C,mim][Tf,N], at an ablation pulse energy of 8
mJ. “AlF yield relative to reference material, [C,mim][Tf,N], at an
ablation pulse energy of 30 mJ. “MD-predicted ratio of absolute
fractional coverage to that of the reference material, [C,mim][Tf,N].
“MD-predicted fraction of the surface area occupied by F atoms, as
defined in the text./Ratio of low-fluence to high-fluence AIF yields for
each IL. ®Ratio of AIF yields from [Cgmim][Tf,N] and [C,mim]-
[T£,N] "Ratio of AIF yields from [Cymim][ BF,] and [C,mim][ BF,]
‘Average of the commercial and self-synthesized [C,mim][OTf]
samples. /Ratio of AlF yields from [Cgmim][OTf] and [C,mim]-
[OTf]

becoming visibly more heavily dominated by the longer alkyl
chains. This also leads to a general increase in molecular-scale
roughness, as can be seen in Figure S.

These qualitative observations were confirmed by the
quantitative analysis of the outer-surface exposure (as defined
above) of atoms of different types. Results were averaged over
a total of 23 snapshots (spaced by 0.4 ns to ensure they were
effectively uncorrelated, as explained above) over the final 20
ns of the trajectories in the fully equilibrated region. As
described above, a combination of SASA and ball-drop
analyses were carried out and, as we show in the Supporting
Information, there are only marginal differences in the F atoms
identified as being exposed. The results quoted in Table 1 are
derived from the exposed areas, as determined by SASA, for
atoms which also passed the ball-drop test. Two quantities are
listed in Table 1. One is the absolute fraction of the exposed
surface area that consists of F atoms; this normalizes out trivial
differences in simulation-box dimensions for different ILs and
different total surfaces areas, which reflect the general increase
in roughness in going from [C,mim]* to [Cgmim]* salts, noted
above. The absolute fraction produces a measure proportional
to the probability of an F atom, as opposed to any other atom-
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type, being struck as the probe particle first encounters the
surface. This corresponds to our definition of ‘outer-surface
exposure’, introduced earlier. The other quantity in Table 1 is
the ratio of this F-atom fraction to that for the reference IL,
[C,mim][T£,N], which can be compared directly with the
RAS-LIF AIF yields from different ILs.

Separately, we derived the bulk number densities of different
atom types from the bulk simulation that preceded the
expansion of the box to form the liquid slab (see above). These
are needed for comparison in the discussion that follows and
are presented below.

B DISCUSSION

We consider first the aspects of the new RAS-LIF observations
that fit qualitatively with expectations or corroborate previous
quantitative results. ILs containing either [Tf,N]™ or [BF,]”
show the expected qualitative trend with alkyl chain length,
with the AIF yield being lower for [Cgmim]* than [C,mim]*-
containing ILs. The quantitative ratios depend on fluence for
[T£,N]", increasing from 0.586 + 0.002 at low fluence to 0.821
+ 0.036 at high fluence. As noted above, the low-fluence result
is close to our own previous value of 0.52 + 0.05 using the
same RAS-LIF method at a nominally similar fluence.** It is
independently corroborated by LEIS measurements by Villar-
Garcia et al., which gave a ratio of F-atom peaks of 0.52 +
0.07.%” For [BF,]™, the results are very similar at both fluences,
0.79 + 0.05 and 0.77 =+ 0.04, respectively. We are not aware of
any previous comparative measures of F-atom exposures for
these two liquids.

At a qualitative level, these results confirm that the choice of
fluorinated anion and variation of the cation alkyl chain length
do provide a method for tailoring the composition of the IL
surface, and hence a potential route to altering their
performance in e.g. catalytic applications, as discussed in the
Introduction. Interestingly, though, neither of these measured
[Cgmim]*/[C,mim]" ratios is predicted accurately by the MD
simulations. The predicted outer-surface exposures do decline
from [C,mim]* to [Cgmim]*, as widely accepted to be the
result of the longer alkyl chain occupying a larger fraction of
the surface and hence obscuring the anions. However, the
magnitude of the decline is considerably larger than the
observations for [Tf,N]~, with a [Cgmim]*/[C,mim]* F-atom
exposure ratio of 0.27. The predicted decline is even more
extreme for [BF,]”, with a [Cgmim]*/[C,mim]" ratio of only
0.14. To allow the level of these disagreements to be assessed
visually, the RAS-LIF results are compared graphically with the
MD-predicted outer-surface exposures in Figure 6.

Further disagreements are found between predicted outer-
surface exposures and AlF yields for ILs containing [Tf,N]~
and [BF,]” with a common cation. The MD-predicted ratio for
[C,mim][BF,] versus [C,mim][Tf,N] is 0.34; the correspond-
ing ratio of AIF yields varies slightly with fluence, from 1.17 to
1.27, but is clearly much larger. Likewise, for [Cgmim][BF,]
versus [Cgmim][Tf,N], MD predicts a ratio of 0.17 in contrast
to 1.34 and 0.94 for low and high-fluence AIF yields,
respectively. All these differences are well beyond the statistical
uncertainties, as is clear from both Table 1 and Figure 6. This
is perhaps not too surprising given the very different chemical
environments of the F atoms in [Tf,N]~ and [BF,]”. In
common with many of the alternative surface probes noted in
the Introduction, RAS-LIF is therefore not a ‘universal’ surface
F-atom probe with constant detection sensitivity independent
of the nature of the F-containing species. Nevertheless, this
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[C,mim][Tf,N]

[Cgmim][Tf,N]

[C,mim][BF,]

[Csmim][BF,]

[C,mim][OTf]

[Cmim][OTf]

Figure 4. Top-down views of the final frame of MD simulations for each combination of cation and anion, as indicated. Fluorine atoms identified
by the ball-drop method as being accessible are shown in blue; fluorine atoms visible by eye but not identified by the ball-drop method are shown in

pink; all other atoms are shown in white.

[C,mim][BF,]

[C8mim][Tf2NA]

[Csmim][BF,]

[C,mim][OTf]

[Comim][OTf]

Figure S. Side-on views of the final frame of MD simulations for each combination of cation and anion, as indicated. The scheme for labeling of

atoms is the same as in Figure 4.

does not prevent such methods from being useful for the
measurement of relative exposures of the same target species in
different materials.

However, perhaps the most striking and surprising
observation is the very large difference in AIF yields (see
Figure 3 and Table 1) between the ILs with [Tf,N]™ and
[OTf]™ anions, despite the apparently similar chemical
environments of the F atoms. This persists for both
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[C,mim]* and [Cgmim]* salts. Some differences might, of
course, be expected between [Tf,N]™ and [OTf]™ simply
based on the number of F atoms per anion and perhaps also on
a more detailed consideration of the electronic environment of
the respective CF; groups. More subtly, the average surface
area occupied by each of the anions and its orientation at the
interface can be expected to differ. However, these liquid-
structural effects should be captured in the MD simulations

https://doi.org/10.1021/acs.jpcc.5c08388
J. Phys. Chem. C 2026, 130, 2975—-2987


https://pubs.acs.org/doi/10.1021/acs.jpcc.5c08388?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.5c08388?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.5c08388?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.5c08388?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.5c08388?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.5c08388?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.5c08388?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.5c08388?fig=fig5&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.5c08388?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry C

pubs.acs.org/JPCC

AlF yield (low fluence)

1.4+ L |
AlF yield (high fluence)
= F atom surface exposure
124 1 F atom bulk no. density
uz_” M [Comim][Tf,N]
E, 1.0
E
£ B
O 08 M 4} i
o -
e =
= M
5 06 |
I3
2
€ 04
©
S <]
(&) |
0.2+
0.0

[agllwiwco]
["agllwiweo]
bLONwiw?o]
BLrollwiweo] +

INGLI[wiweo]

Figure 6. Relative RAS-LIF AIF yields at low ablation fluence
(orange); high ablation fluence (green). MD predictions of relative F-
atom outer-surface exposure (purple); MD predictions of relative F-
atom bulk density (yellow). In all cases, data are normalized relative
to the same measure for [C,mim][Tf,N].

(Figures 4 and S) and their analysis to produce outer-surface
exposures (Table 1), yet they are clearly substantially different
from the AIF yields for these two anions, as illustrated in
Figure 6. The MD simulations predict that the ratio of F-atom
exposures in [C,mim][OTf] and [C,mim][Tf,N] is 0.87. This
greatly overestimates the observed ratio of only 0.067 in the
high-fluence AIF yields. A similar, only slightly less-extreme,
trend is observed for [Cgmim][OTf] versus [Cgmim][Tf,N];
the MD predicted ratio of F-atom exposures is 0.49, whereas
the ratio of AIF yields is 0.10. The [OTf] -containing materials
are further anomalous in producing a small but probably
statistically significant increase, by a factor of 1.27 + 0.19, in the
AJF vyield from [C,mim][OTf] to [Cgmim][OTf]. The MD
prediction is for a decrease, by a factor of 0.154, qualitatively
consistent with the effect of cation alkyl chain length in
[Tf,N]™ and [BF,] .

The clear conclusion is that the RAS-LIF AlF yields are not a
straightforward measure of the outer-surface F-atom exposures,
as we are defining them here, even for the same F-containing
anion in different ILs. It is not certain that the MD predictions
are correct, yet despite the known limitations on physical
accuracy of structures calculated using empirical force fields,
we consider it unlikely that they are the principal causes of the
substantial discrepancies with the observed AIF yields. It is,
therefore, more likely that they reflect a combination of factors
in the RAS-LIF method, of the types introduced above,
including penetration depth of the Al probe projectiles; the
probability that they react to produce the reporter species, AlF;
and that the AIF survives and returns to the gas phase.

To assess the first of these factors, we consider the number
density of different atom types as a function of distance along
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Figure 7. MD-predicted number densities of different atoms (F, O, S, N) or united atoms (CHj;, CH,, ring-atom) as a function of distance along
the surface normal (z-density) for each of the ILs, as indicated. Atom types are distinguished by the colors given in the legend. The zero of distance
is defined as the midpoint between the 10% and 90% points of the total number density of all atoms. The filled green circle indicates the number
density of F atoms in the bulk, determined separately in the initial stage of each MD simulation.
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the normal through the interfaces of the different liquids —
known widely as the ‘z-density’ — obtained from the MD
calculations. These are illustrated for all six ILs in Figure 7.
Consistent with previous similar simulations, the plots show
the relatively modest surface layering in [C,mim]* ILs
compared to the [Cgmim]* ILs.>"*37*3962%3 The Jonger-
chain ILs have much stronger primary oscillations in the
interfacial region, corresponding to nonpolar and ionic layers,
with secondary oscillations that propagate further into the
bulk. (We have confirmed that the oscillations visible for
several atom types for all the ILs are reproducible by analyzing
an equivalent sequence of snapshots with an equal time
spacing, but shifted by half the interval between them. In our
previous work on one of the liquids here, [Cgmim][Tf,N], we
have also confirmed that the oscillations persist when the slab
thickness is doubled.”®) Fluorine atoms are relatively prevalent
at the extreme outer surfaces of the [C,mim]" salts, especially
for [T;N]™ and [OTf]". Consistent with Figure 4 and the
surface-exposure analysis in Table 1, the anions are
significantly overshadowed by components of the alkyl chain
in the [Cgmim]* ILs.

As noted above, in the limit that the effective probe depth
extends significantly below the structured region of the surface,
the relative F-atom abundances should approach their relative
bulk number densities. The values calculated from the initial
bulk phase of the simulation procedure have been added to
Figure 7; they agree well with visual extrapolations of the
surface simulations. The results relative to [ C,mim][Tf,N] are
included in Figure 6. In general, at least for the [Tf,N]™ and
[BF,]” salts, the relative bulk number densities are closer to
the relative AIF yields than are the outer-surface exposures.
This could imply that the Al projectiles penetrate significantly
into the liquids, producing AIF which survives and escapes.
This is perhaps not surprising given the known relatively high
kinetic energies of the Al atoms; under our previous ablation
conditions which correspond approximately to the low-fluence
measurements here, the Al-atom speed distribution was
approximately Maxwellian at ~45,000 K, with a most-probable
kinetic energy of 187 kJ mol™" and a mean of 560 kJ mol™ **
Although, as noted above, O atom and F atom projectiles with
comparable energies have been shown to have surface
sensitivity in previous RAS-MS experiments,*”*°%3% jt js
plausible that reactions of these relatively energetic species is
not confined to the extreme outer layer as we define it here.
Indeed, visual assessment of Figure 4 shows that only a
relatively modest displacement of overlying alkyl chains would
be necessary to provide access to additional fluorinated anions
immediately below the surface. This would be even more likely
for Al" ions which, based on previous independent character-
ization of the laser-ablation process,”’ may be present with
even higher kinetic energies and could contribute to the
observed AlF yields.

However, this does not necessarily amount to a conclusion
that the Al-ablation probe is not at all surface sensitive; to the
contrary, the relative AlF yields are ablation-fluence dependent,
at least for [Cgmim][Tf,N] versus [C,mim][Tf,N], with the
low-fluence result being below the ratio of bulk densities and
deviating in the direction of the MD-predicted outer-surface
exposures. This is consistent with lower-energy projectiles
penetrating less deeply, as expected. This could, nevertheless,
be a coincidence given the other factors we consider shortly.
Other circumstantial evidence in favor of a degree of surface
sensitivity is the internal state distribution of the AIF. As shown
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in Figure 1, the AIF rotational distribution is close to thermal
at the temperature of the liquid, which does suggest significant
interactions with the surrounding molecules prior to escape.
However, in contrast, the vibrational distribution is not fully
thermalized, which puts some limit on residence time and
hence average depth of formation.

These considerations of penetration by the probe may,
therefore, go some way to rationalizing the relative yields for
the [Tf,N]~ and [BF,]" salts, but they still do not account for
the very unexpectedly low relative yields for those containing
[OTf]". Indeed, there is nothing obvious in the z-density
profiles for the [OTf] -containing liquids in Figure 7 that
suggests they have a qualitatively different structure from the
other ILs. Likewise, there is also no suggestion from the side-
on snapshots in Figure S, or the absolute surface areas given in
the Supporting Information, that they have an anomalous level
of roughness. (We have confirmed that the selected snapshots
shown in Figures 4 and 5 are typical of a wider range of
samples.) Other factors, specifically either a lower probability
of reaction to produce AIF or its failure to survive in the
presence of [OTf]™ due to some efficient secondary reaction,
must presumably be dominant. Given the high energies of the
projectiles, there are a considerable number of thermodynami-
cally open competing primary and secondary reaction channels
for all of the ILs here. It is certainly known that a range of
different charged products are produced in the RIS experi-
ments of Pradeep et al. in studies of fluorinated SAM surfaces
using primary ions, including Al*, that had similar kinetic
energies to those that may be present here.”” The observed
product ions include AIF* and AlF,", along with CF*, CF;" and
several heavier, singly charged fluorocarbon ions. The existence
of competing primary and secondary reactions is not confined
to [OTf]", though, so it is an open question in which respect it
differs significantly from [Tf,N]~ and [BF,]". It is not obvious
why secondary reactions of AlF with [OTf]~ should be more
efficient than for the other anions, but one interesting
possibility is that the more-strongly coordinating nature of
[OTf]™ leads to efficient formation of AlOTf, which may
compete effectively with primary AIF production. This would
be more straightforward mechanistically if the reactive
projectile was Al*, because no charge transfer would be
required to produce a neutral product. It is likely that further
work with a wider range of fluorinated anions, and indeed
extending to the fluorine-containing cations that partially
motivated this study, will be necessary to establish the factors
that affect the relative yields of AIF from different fluorinated
structure types. It would clearly be advantageous in this regard
to further characterize the Al species present in the ablation
plume and their potential contributions to the observed AIF
yield. It would also be interesting to apply some of the available
alternative techniques, particularly those believed to have high
surface sensitivity such as MAES/MIES, LEIS or ARXPS, to
obtain independent complementary information on surface
structure in this class of ionic liquids.

B CONCLUSIONS

This study has demonstrated observation of AlF from a wider
range of fluorinated anions in ionic liquids than investigated
previously by RAS-LIF using an Al-ablation plume as the probe
projectiles. Results obtained are compatible with those
obtained from other surface-sensitive experiments where
comparable data are available, showing the ability of the
methodology to detect fluorinated species.
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AIF yields are generally greater for salts of the shorter-chain
cation [C,mim]* compared to [Cgmim]*, consistent with
qualitative expectations of greater overshadowing of anions by
longer alkyl chains. They are also slightly greater for [BF,]”
salts compared to those of [Tf,N]™. Surface availability of
fluorine as determined from a combination of SASA and ball-
drop approaches to surface analysis of MD simulations does
not quantitatively reproduce the experimental relative AIF
yields well. For these anions, better correlation with experi-
ment is found for the calculated bulk F-atom number densities.
This is consistent with significant penetration of the reactive
projectile into the liquid.

However, no aspects of the MD simulations account for the
very much lower yields of AIF from [OTf]™ salts, whose
unexpected variation with alkyl chain length also cannot be
rationalized by arguments based on penetration depth. This
implies that they are dominated either by branching into other
reaction channels which compete with AIF production, or by
an efficient secondary loss process that removes AlF.

Despite these anomalies, which will require further
investigations to rationalize, the work provides new physical
insight into the reactions of energetic Al species with
fluorinated compounds, which is of interest in other
applications beyond surface analysis such as energetic materials
used as propellants or explosives.

Bl ASSOCIATED CONTENT
® Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.jpcc.5c08388.

Synthesis and characterization of [C,mim][OTf]; RAS-
LIF AIF yields from alternative samples of [C,mim]-
[OTf]; and accessible surface areas from SASA and ball-
drop methods (PDF)

B AUTHOR INFORMATION
Corresponding Author

Kenneth G. McKendrick — Institute of Chemical Sciences,
School of Engineering and Physical Sciences, Heriot-Watt
University, Edinburgh EH14 4AS, UK,; ® orcid.org/0000-
0001-8979-2195; Email: k.g.mckendrick@hw.ac.uk

Authors

Paul D. Lane — Institute of Chemical Sciences, School of
Engineering and Physical Sciences, Heriot-Watt University,
Edinburgh EH14 4AS, UK,; ® orcid.org/0000-0003-4819-
7714

Naomi S. Elstone — Department of Chemistry, University of
York, Heslington, York YO10 SDD, U.K

Duncan W. Bruce — Department of Chemistry, University of
York, Heslington, York YO10 SDD, U.K,; ® orcid.org/
0000-0002-1365-2222

John M. Slattery — Department of Chemistry, University of
York, Heslington, York YO10 SDD, UK,; © orcid.org/
0000-0001-6491-8302

Matthew L. Costen — Institute of Chemical Sciences, School of
Engineering and Physical Sciences, Heriot-Watt University,
Edinburgh EH14 4AS, UK,; ©® orcid.org/0000-0002-6491-
9812

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.jpcc.5c08388

2984

Author Contributions

The manuscript was written through contributions of all
authors. All authors have given approval to the final version of
the manuscript.

Notes

The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

We acknowledge the financial support of UKRI EPSRC
through research grants EP/T03114X/1, EP/T031174/1, EP/
P001459/1, and EP/T021675/1.

B REFERENCES

(1) Hallett, J. P.; Welton, T. Room-Temperature Ionic Liquids:
Solvents for Synthesis and Catalysis. 2. Chem. Rev. 2011, 111, 3508—
3576.

(2) Steinriick, H. P.; Wasserscheid, P. Ionic Liquids in Catalysis.
Catal. Lett. 2015, 145, 380—397.

(3) Watanabe, M.; Thomas, M. L.; Zhang, S. G.; Ueno, K.; Yasuda,
T.; Dokko, K. Application of Ionic Liquids to Energy Storage and
Conversion Materials and Devices. Chem. Rev. 2017, 117, 7190—
7239.

(4) Vekariya, R. L. A review of ionic liquids: Applications towards
catalytic organic transformations. J. Mol. Lig. 2017, 227, 44—60.

(§) Jiang, W. F; Li, X. S; Gao, G.; Wy, F,; Luo, C.; Zhang, L. Q.
Advances in applications of ionic liquids for phase change CO2
capture. Chem. Eng. ]. 2022, 445, No. 136767.

(6) Gujjala, L. K. S;; Kundu, D.; Dutta, D.; Kumar, A;; Bal, M,;
Kumar, A.; Singh, E.; Mishra, R.; Kumar, S.; Vo, D. V. N. Advances in
ionic liquids: Synthesis, environmental remediation and reusability. J.
Mol. Lig. 2024, 396, No. 123896.

(7) Dupont, J.; Leal, B. C.; Lozano, P.; Monteiro, A. L.; Migowski,
P.; Scholten, J. D. Ionic Liquids in Metal, Photo-, Electro-, and (Bio)
Catalysis. Chem. Rev. 2024, 124, 5227—-5420.

(8) Hayes, R.; Warr, G. G.; Atkin, R. Structure and Nanostructure in
Ionic Liquids. Chem. Rev. 20185, 115, 6357—6426.

(9) Santos, C. S.; Baldelli S. Gas-liquid interface of room-
temperature ionic liquids. Chem. Soc. Rev. 2010, 39, 2136—2145.

(10) Tesa-Serrate, M. A.; Smoll, E. J.; Minton, T. K.; McKendrick, K.
G. Atomic and Molecular Collisions at Liquid Surfaces. Annu. Rev.
Phys. Chem. 2016, 67, 515—540.

(11) Lei, Z. G; Dai, C. N; Chen, B. H. Gas Solubility in Ionic
Liquids. Chem. Rev. 2014, 114, 1289—1326.

(12) Mellein, B. R;; Scurto, A. M.; Shiflett, M. B. Gas solubility in
ionic liquids. Curr. Opin. Green Sustainable Chem. 2021, 28,
No. 100425S.

(13) Migowski, P.; Lozano, P.; Dupont, J. Imidazolium based ionic
liquid-phase green catalytic reactions. Green Chem. 2023, 25, 1237—
1260.

(14) Smoll, E. J,, Jr; Chen, X. M.; Hall, L. M.; D’Andrea, L.; Slattery,
J. M; Minton, T. K. Probing a Ruthenium Coordination Complex at
the Tonic Liquid-Vacuum Interface with Reactive-Atom Scattering, X-
ray Photoelectron Spectroscopy, and Time-of-Flight Secondary Ion
Mass Spectrometry. J. Phys. Chem. C 2020, 124, 382—397.

(15) Hemmeter, D.; Kremitzl, D.; Schulz, P. S.; Wasserscheid, P.;
Maier, F.; Steinriick, H.-P. The Buoy Effect: Surface Enrichment of a
Pt Complex in IL Solution by Ligand Design. Chem.—Eur. J. 2023,
29, No. €202203325.

(16) Hemmeter, D.; Paap, U.; Wellnhofer, N.; Gezmis, A.; Kremitzl,
D.; Wasserscheid, P.; Steinriick, H. P.; Maier, F. Understanding the
Buoy Effect of Surface-Enriched Pt Complexes in Ionic Liquids: A
Combined ARXPS and Pendant Drop Study. ChemPhysChem 2023,
24, No. €202300612.

(17) Hemmeter, D.; Gezmis, A.; Kremitzl, D.; Wasserscheid, P.;
Maier, F.; Steinriick, H. P. Tailoring the Surface Enrichment of a Pt
Catalyst in Ionic Liquid Solutions by Choice of the Solvent. Adv.
Mater. Interfaces 2024, 11, No. 230108S.

https://doi.org/10.1021/acs.jpcc.5c08388
J. Phys. Chem. C 2026, 130, 2975—-2987


https://pubs.acs.org/doi/10.1021/acs.jpcc.5c08388?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.5c08388/suppl_file/jp5c08388_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kenneth+G.+McKendrick"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-8979-2195
https://orcid.org/0000-0001-8979-2195
mailto:k.g.mckendrick@hw.ac.uk
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Paul+D.+Lane"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-4819-7714
https://orcid.org/0000-0003-4819-7714
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Naomi+S.+Elstone"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Duncan+W.+Bruce"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-1365-2222
https://orcid.org/0000-0002-1365-2222
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="John+M.+Slattery"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-6491-8302
https://orcid.org/0000-0001-6491-8302
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Matthew+L.+Costen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-6491-9812
https://orcid.org/0000-0002-6491-9812
https://pubs.acs.org/doi/10.1021/acs.jpcc.5c08388?ref=pdf
https://doi.org/10.1021/cr1003248?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr1003248?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s10562-014-1435-x
https://doi.org/10.1021/acs.chemrev.6b00504?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.6b00504?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.molliq.2016.11.123
https://doi.org/10.1016/j.molliq.2016.11.123
https://doi.org/10.1016/j.cej.2022.136767
https://doi.org/10.1016/j.cej.2022.136767
https://doi.org/10.1016/j.molliq.2023.123896
https://doi.org/10.1016/j.molliq.2023.123896
https://doi.org/10.1021/acs.chemrev.3c00379?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.3c00379?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr500411q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr500411q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/b921580h
https://doi.org/10.1039/b921580h
https://doi.org/10.1146/annurev-physchem-040215-112355
https://doi.org/10.1021/cr300497a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr300497a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.cogsc.2020.100425
https://doi.org/10.1016/j.cogsc.2020.100425
https://doi.org/10.1039/D2GC04749G
https://doi.org/10.1039/D2GC04749G
https://doi.org/10.1021/acs.jpcc.9b07662?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.9b07662?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.9b07662?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.9b07662?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/chem.202203325
https://doi.org/10.1002/chem.202203325
https://doi.org/10.1002/cphc.202300612
https://doi.org/10.1002/cphc.202300612
https://doi.org/10.1002/cphc.202300612
https://doi.org/10.1002/admi.202301085
https://doi.org/10.1002/admi.202301085
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.5c08388?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry C

pubs.acs.org/JPCC

(18) Ceccatto, A.; Merlinsky, L. S.; Baraldo, L. M.; Williams, F. J;
Maier, F.; Steinrtick, H. P. Influence of ionic liquid composition on
surface enrichment of fluorine-free Ru complexes. RSC Adv. 2025, 15,
36137—-36144.

(19) Tariq, M.; Freire, M. G.; Saramago, B.; Coutinho, J. A. P,;
Lopes, J. N. C.; Rebelo, L. P. N. Surface tension of ionic liquids and
ionic liquid solutions. Chem. Soc. Rev. 2012, 41, 829—868.

(20) Bowers, J.; Vergara-Gutierrez, M. C.; Webster, J. R. P. Surface
ordering of amphiphilic ionic liquids. Langmuir 2004, 20, 309—312.

(21) Sloutskin, E.; Lynden-Bell, R. M.; Balasubramanian, S.;
Deutsch, M. The surface structure of ionic liquids: Comparing
simulations with x-ray measurements. J. Chem. Phys. 2006, 12§,
174718S.

(22) Jeon, Y.; Sung, J; Bu, W.; Vaknin, D.; Ouchi, Y,; Kim, D.
Interfacial Restructuring of Ionic Liquids Determined by Sum-
Frequency Generation Spectroscopy and X-Ray Reflectivity. J. Phys.
Chem. C 2008, 112, 19649—19654.

(23) Haddad, J.; Pontoni, D.; Murphy, B. M.; Festersen, S.; Runge,
B.; Steinriick, H. G.; Deutsch, M. Surface structure of long-chain ionic
liquids: Temperature and chain-length evolution. J. Colloid Interface
Sci. 2026, 703, No. 139191.

(24) Lockett, V.; Sedev, R.; Bassell, C.; Ralston, J. Angle-resolved X-
ray photoelectron spectroscopy of the surface of imidazolium ionic
liquids. Phys. Chem. Chem. Phys. 2008, 10, 1330—1335.

(25) Kolbeck, C.; Cremer, T.; Lovelock, K. R. J.; Paape, N.; Schulz,
P. S.; Wasserscheid, P.; Maier, F.; Steinruck, H. P. Influence of
Different Anions on the Surface Composition of Ionic Liquids
Studied Using ARXPS. J. Phys. Chem. B 2009, 113, 8682—8688.

(26) Lockett, V.; Sedev, R; Harmer, S.; Ralston, J.; Horne, M.;
Rodopoulos, T. Orientation and mutual location of ions at the surface
of ionic liquids. Phys. Chem. Chem. Phys. 2010, 12, 13816—13827.

(27) Lovelock, K. R. J.; Kolbeck, C.; Cremer, T.; Paape, N.; Schulz,
P. S.; Wasserscheid, P.; Maier, F.; Steinruck, H. P. Influence of
Different Substituents on the Surface Composition of Ionic Liquids
Studied Using ARXPS. J. Phys. Chem. B 2009, 113, 2854—2864.

(28) Hashimoto, H.; Ohno, A.; Nakajima, K; Suzuki, M.; Tsuji, H.;
Kimura, K. Surface characterization of imidazolium ionic liquids by
high-resolution Rutherford backscattering spectroscopy and X-ray
photoelectron spectroscopy. Surf. Sci. 2010, 604, 464—469.

(29) Nakajima, K.; Ohno, A.; Hashimoto, H.; Suzuki, M.; Kimura, K.
Observation of surface structure of 1-alkyl-3-methylimidazolium
bis(trifluoromethanesulfonyl)imide using high-resolution Rutherford
backscattering spectroscopy. J. Chem. Phys. 2010, 133, No. 044702.

(30) Nakajima, K.; Miyashita, M.; Suzuki, M.; Kimura, K. Surface
structures of binary mixtures of imidazolium-based ionic liquids using
high-resolution Rutherford backscattering spectroscopy and time of
flight secondary ion mass spectroscopy. J. Chem. Phys. 2013, 139,
224701.

(31) Caporali, S; Bardi, U; Lavacchi, A. X-ray photoelectron
spectroscopy and low energy ion scattering studies on 1-buthyl-3-
methyl-imidazolium bis(trifluoromethane) sulfonimide. J. Electron.
Spectrosc. 2006, 151, 4—8.

(32) Villar-Garcia, L J.; Fearn, S.; De Gregorio, G. F.; Ismail, N. L,
Gschwend, F. J. V,; McIntosh, A. J. S.; Lovelock, K. R. J. The ionic
liquid-vacuum outer atomic surface: a low-energy ion scattering study.
Chem. Sci. 2014, S, 4404—4418.

(33) Villar-Garcia, L. J.; Fearn, S.; Ismail, N. L.; McIntosh, A. J. S.;
Lovelock, K. R. J. Fine tuning the ionic liquid-vacuum outer atomic
surface using ion mixtures. Chem. Commun. 2018, S1, 5367—5370.

(34) Hammer, T.; Reichelt, M;; Morgner, H. Influence of the
aliphatic chain length of imidazolium based ionic liquids on the
surface structure. Phys. Chem. Chem. Phys. 2010, 12, 11070—11080.

(35) Ridings, C.; Lockett, V.; Andersson, G. Effect of the aliphatic
chain length on electrical double layer formation at the liquid/vacuum
interface in the [C,mim][BF,] ionic liquid series. Phys. Chem. Chem.
Phys. 2011, 13, 17177—17184.

(36) Ridings, C.; Lockett, V.; Andersson, G. Comparing the charge
distribution along the surface normal in the [C4mim]* ionic liquid
with different anions. Colloid. Surf. A 2012, 413, 149—153.

2985

(37) Ridings, C.; Warr, G. G.; Andersson, G. G. Composition of the

outermost layer and concentration depth profiles of ammonium
nitrate ionic liquid surfaces. Phys. Chem. Chem. Phys. 2012, 14,
16088—16095.

(38) Giinster, J.; Hofft, O.; Krischok, S.; Souda, R. A time-of-flight
secondary ion mass spectroscopy study of 1-ethyl-3-methylimidazo-
lium bis(trifluoromethylsulfonyl)imide RT-ionic liquid. Surf. Sci.
2008, 602, 3403—3407.

(39) Hofft, O.; Bahr, S.; Himmerlich, M.; Krischok, S.; Schaefer, J.
A.; Kempter, V. Electronic structure of the surface of the ionic liquid
[EMIM][T£,N] studied by metastable impact electron spectroscopy
(MIES), UPS, and XPS. Langmuir 2006, 22, 7120—7123.

(40) Iwahashi, T.; Nishi, T.; Yamane, H.; Miyamae, T.; Kanai, K;
Seki, K; Kim, D.; Ouchi, Y. Surface Structural Study on Ionic Liquids
Using Metastable Atom Electron Spectroscopy. J. Phys. Chem. C 2009,
113, 19237—19243.

(41) Timori, T.; Iwahashi, T.; Ishii, H.; Seki, K.; Ouchi, Y.; Ozawa,
R.; Hamaguchi, H.; Kim, D. Orientational ordering of alkyl chain at
the air/liquid interface of ionic liquids studied by sum frequency
vibrational spectroscopy. Chem. Phys. Lett. 2004, 389, 321—326.

(42) Rivera-Rubero, S.; Baldelli, S. Surface characterization of 1-
butyl-3-methylimidazollum Br, I, PF, BE,, (CF;SO,),N SCN,
CH,S05, CH;S0,, and (CN),N ionic liquids by sum frequency
generation. J. Phys. Chem. B 2006, 110, 4756—476S.

(43) Santos, C. S.; Baldelli, S. Alkyl Chain Interaction at the Surface
of Room Temperature Ionic Liquids: Systematic Variation of Alkyl
Chain Length (R = C-1-C-4, C-8) in both Cation and Anion of
[RMIM][R-OSO;] by Sum Frequency Generation and Surface
Tension. J. Phys. Chem. B 2009, 113, 923—933.

(44) Martinez, 1. S.; Baldelli, S. On the Arrangement of Ions in
Imidazolium-Based Room Temperature Ionic Liquids at the Gas-
Liquid Interface, Using Sum Frequency Generation, Surface Potential,
and Surface Tension Measurements. J. Phys. Chem. C 2010, 114,
11564—11575.

(4S) Waring, C.; Bagot, P. A. J; Slattery, J. M.; Costen, M. L;
McKendrick, K. G. O(°P) Atoms as a Probe of Surface Ordering in 1-
Alkyl-3-methylimidazolium-Based Ionic Liquids. J. Phys. Chem. Lett.
2010, 1, 429—433.

(46) Waring, C.; Bagot, P. A. J; Slattery, J. M.; Costen, M. L,;
McKendrick, K. G. O(®P) Atoms as a Chemical Probe of Surface
Ordering in Ionic Liquids. J. Phys. Chem. A 2010, 114, 4896—4904.

(47) Wu, B. H; Zhang, J. M.; Minton, T. K;; McKendrick, K. G.;
Slattery, J. M.; Yockel, S.; Schatz, G. C. Scattering Dynamics of
Hyperthermal Oxygen Atoms on Ionic Liquid Surfaces: [emim]-
[NTf,] and [Cp,mim][NTS,). J. Phys. Chem. C 2010, 114, 4015—
4027.

(48) Waring, C.; Bagot, P. A. J.; Costen, M. L.; McKendrick, K. G.
Reactive Scattering as a Chemically Specific Analytical Probe of
Liquid Surfaces. J. Phys. Chem. Lett. 2011, 2, 12—18.

(49) Tesa-Serrate, M. A.; Marshall, B. C.; Smoll, E. J.; Purcell, S. M.;
Costen, M. L.; Slattery, J. M.; Minton, T. K.,; McKendrick, K. G. Ionic
Liquid-Vacuum Interfaces Probed by Reactive Atom Scattering:
Influence of Alkyl Chain Length and Anion Volume. J. Phys. Chem. C
2015, 119, 5491—5505.

(50) Marshall, B. C.; Smoll, E. J; Purcell, S. M.; Costen, M. L.;
McKendrick, K. G.; Minton, T. K. Scattering Dynamics of Oxygen
Atoms on Imidazolium Tetrafluoroborate Ionic Liquid Surfaces:
Dependence on Alkyl Chain Length. J. Phys. Chem. C 2016, 120,
12472—12483.

(51) Purcell, S. M.; Tesa-Serrate, M. A.; Marshall, B. C.; Bruce, D.
W.; D’Andrea, L.; Costen, M. L.; Slattery, J. M.; Smoll, E. J.; Minton,
T. K; McKendrick, K. G. Reactive-Atom Scattering from Liquid
Crystals at the Liquid-Vacuum Interface: [C;,mim][BF,] and 4-
Cyano-4’-Octylbiphenyl (8CB). Langmuir 2016, 32, 9938—9949.

(52) Tesa-Serrate, M. A.; Smoll, E. J.; D’Andrea, L.; Purcell, S. M.;
Costen, M. L.; Bruce, D. W,; Slattery, J. M,; Minton, T. K;
McKendrick, K. G. Hiding the Headgroup? Remarkable Similarity in
Alkyl Coverage of the Surfaces of Pyrrolidinium- and Imidazolium-
Based Ionic Liquids. J. Phys. Chem. C 2016, 120, 27369—27379.

https://doi.org/10.1021/acs.jpcc.5c08388
J. Phys. Chem. C 2026, 130, 2975—-2987


https://doi.org/10.1039/D5RA05316A
https://doi.org/10.1039/D5RA05316A
https://doi.org/10.1039/C1CS15146K
https://doi.org/10.1039/C1CS15146K
https://doi.org/10.1021/la035495v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la035495v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.2361289
https://doi.org/10.1063/1.2361289
https://doi.org/10.1021/jp807873j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp807873j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jcis.2025.139191
https://doi.org/10.1016/j.jcis.2025.139191
https://doi.org/10.1039/b713584j
https://doi.org/10.1039/b713584j
https://doi.org/10.1039/b713584j
https://doi.org/10.1021/jp902978r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp902978r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp902978r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/c0cp00683a
https://doi.org/10.1039/c0cp00683a
https://doi.org/10.1021/jp810637d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp810637d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp810637d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.susc.2009.12.023
https://doi.org/10.1016/j.susc.2009.12.023
https://doi.org/10.1016/j.susc.2009.12.023
https://doi.org/10.1063/1.3465578
https://doi.org/10.1063/1.3465578
https://doi.org/10.1063/1.3465578
https://doi.org/10.1063/1.4838376
https://doi.org/10.1063/1.4838376
https://doi.org/10.1063/1.4838376
https://doi.org/10.1063/1.4838376
https://doi.org/10.1016/j.elspec.2005.09.010
https://doi.org/10.1016/j.elspec.2005.09.010
https://doi.org/10.1016/j.elspec.2005.09.010
https://doi.org/10.1039/C4SC00640B
https://doi.org/10.1039/C4SC00640B
https://doi.org/10.1039/C4CC06307D
https://doi.org/10.1039/C4CC06307D
https://doi.org/10.1039/c004415f
https://doi.org/10.1039/c004415f
https://doi.org/10.1039/c004415f
https://doi.org/10.1039/c1cp20910h
https://doi.org/10.1039/c1cp20910h
https://doi.org/10.1039/c1cp20910h
https://doi.org/10.1016/j.colsurfa.2012.01.033
https://doi.org/10.1016/j.colsurfa.2012.01.033
https://doi.org/10.1016/j.colsurfa.2012.01.033
https://doi.org/10.1039/c2cp43035e
https://doi.org/10.1039/c2cp43035e
https://doi.org/10.1039/c2cp43035e
https://doi.org/10.1016/j.susc.2008.09.018
https://doi.org/10.1016/j.susc.2008.09.018
https://doi.org/10.1016/j.susc.2008.09.018
https://doi.org/10.1021/la060943v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la060943v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la060943v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp9056797?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp9056797?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.cplett.2004.03.099
https://doi.org/10.1016/j.cplett.2004.03.099
https://doi.org/10.1016/j.cplett.2004.03.099
https://doi.org/10.1021/jp0563989?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp0563989?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp0563989?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp0563989?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp807924g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp807924g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp807924g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp807924g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp807924g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp1039095?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp1039095?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp1039095?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp1039095?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jz900247y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jz900247y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp912045j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp912045j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp910641s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp910641s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp910641s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jz1013032?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jz1013032?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp5126238?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp5126238?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp5126238?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.6b02288?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.6b02288?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.6b02288?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.langmuir.6b02440?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.langmuir.6b02440?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.langmuir.6b02440?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.6b09315?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.6b09315?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.6b09315?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.5c08388?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry C

pubs.acs.org/JPCC

(53) Bruce, D. W,; Cabry, C. P,; Lopes, J. N. C.; Costen, M. L,;
D’Andrea, L.; Grillo, I.; Marshall, B. C.; McKendrick, K. G.; Minton,
T. K; Purcell, S. M,; Rogers, S.; Slattery, J. M.; Shimizu, K.; Smoll, E.;
Tesa-Serrate, M. A. Nanosegregation and Structuring in the Bulk and
at the Surface of Ionic-Liquid Mixtures. J. Phys. Chem. B 2017, 121,
6002—6020.

(54) Smoll, E. J.; Tesa-Serrate, M. A.; Purcell, S. M.; D’Andrea, L.;
Bruce, D. W,; Slattery, J. M,; Costen, M. L; Minton, T. K;
McKendrick, K. G. Determining the composition of the vacuum-
liquid interface in ionic-liquid mixtures. Faraday Discuss. 2018, 206,
497—-522.

(55) Smoll, E. J.; Purcell, S. M.; D’Andrea, L.; Slattery, J. M.; Bruce,
D. W,; Costen, M. L.; McKendrick, K. G.; Minton, T. K. Probing
Conformational Heterogeneity at the Ionic Liquid-Vacuum Interface
by Reactive-Atom Scattering. J. Phys. Chem. Lett. 2019, 10, 156—163.

(56) Purcell, S. M.; Lane, P. D.; D’Andrea, L.; Elstone, N. S.; Bruce,
D. W,; Slattery, J. M; Smoll, E. J.; Greaves, S. J.; Costen, M. L.;
Minton, T. K; McKendrick, K. G. Surface Structure of Alkyl/
Fluoroalkylimidazolium Ionic-Liquid Mixtures. J. Phys. Chem. B 2022,
126, 1962—1979.

(57) Pradeep, T.; Ast, T.; Cooks, R. G.; Feng, B. Low-Energy
Collisions of Group liia, Iva, Va, Via, and Viia Ions with Fluoroalkyl
SAM Surfaces - Reactions, Chemical Sputtering, and Mechanistic
Implications. J. Phys. Chem. 1994, 98, 9301—9311.

(58) Jacobs, D. C. Reactive collisions of hyperthermal energy
molecular ions with solid surfaces. Annu. Rev. Phys. Chem. 2002, $3,
379—-407.

(59) Cyriac, J.; Pradeep, T.; Kang, H.; Souda, R.; Cooks, R. G. Low-
Energy Ionic Collisions at Molecular Solids. Chem. Rev. 2012, 112,
5356—5411.

(60) Qin, X. D.; Tzvetkov, T.; Liu, X.; Lee, D. C.; Yu, L. P.; Jacobs,
D. C. Site-selective abstraction in the reaction of 5—20 eV O+ with a
self-assembled monolayer. J. Am. Chem. Soc. 2004, 126, 13232—
13233.

(61) Qin, X. D.; Tzvetkov, T.; Jacobs, D. C. Reaction of 5—40 eV
ions with self-assembled monolayers. J. Phys. Chem. A 2006, 110,
1408—141S5.

(62) Lynden-Bell, R. M,; Del Popolo, M. G.; Youngs, T. G. A;
Kohanoff, ].; Hanke, C. G.; Harper, J. B.; Pinilla, C. C. Simulations of
ionic liquids, solutions, and surfaces. Acc. Chem. Res. 2007, 40, 1138—
114S.

(63) Yan, T. Y,; Lj, S.; Jiang, W.; Gao, X. P.; Xiang, B.; Voth, G. A.
Structure of the liquid-vacuum interface of room-temperature ionic
liquids: A molecular dynamics study. J. Phys. Chem. B 2006, 110,
1800—1806.

(64) Lane, P. D.; Gstir, T.; Purcell, S. M.; Swierczewski, M.; Elstone,
N. S.; Bruce, D. W; Slattery, J. M.; Costen, M. L.; McKendrick, K. G.
Superthermal Al Atoms as a Reactive-Atom Probe of Fluorinated
Surfaces. J. Phys. Chem. A 2023, 127, 5580—5590.

(65) Elstone, N. S.; Shimizu, K.; Shaw, E. V.; Lane, P. D.; D’Andrea,
L.; Demé, B.; Mahmoudi, N.; Rogers, S. E.; Youngs, S.; Costen, M. L,;
McKendrick, K. G.; Lopes, J. C; Bruce, D. W,; Slattery, J. M.
Understanding the Liquid Structure in Mixtures of Ionic Liquids with
Semiperfluoroalkyl or Alkyl Chains. J. Phys. Chem. B 2023, 127,
7394—7407.

(66) Russina, O.; Lo Celso, F.; Di Michiel, M.; Passerini, S.;
Appetecchi, G. B.; Castiglione, F.; Mele, A.; Caminiti, R,; Triolo, A.
Mesoscopic structural organization in triphilic room temperature
ionic liquids. Faraday Discuss. 2014, 167, 499—513.

(67) Holléczki, O.; Macchiagodena, M.; Weber, H.; Thomas, M.;
Brehm, M.; Stark, A.; Russina, O.; Triolo, A.; Kirchner, B. Triphilic
Ionic-Liquid Mixtures: Fluorinated and Non-fluorinated Aprotic
Ionic-Liquid Mixtures. ChemPhysChem 2015, 16, 3325—3333.

(68) Vieira, N. S. M.; Reis, P. M.; Shimizu, K; Cortes, O. A.;
Marrucho, I. M,; Araujo, J. M. M.; Esperanca, J. M. S. S.; Lopes, J. N.
C.; Pereiro, A. B,; Rebelo, L. P. N. A thermophysical and structural
characterization of ionic liquids with alkyl and perfluoroalkyl side
chains. RSC Adv. 2018, 5, 65337—65350.

2986

(69) Ferreira, M. L.; Pastoriza-Gallego, M. J; Araujo, J. M. M,;
Lopes, J. N. C.; Rebelo, L. P. N.; Pineiro, M. M.; Shimizu, K.; Pereiro,
A. B. Influence of Nanosegregation on the Phase Behavior of
Fluorinated Tonic Liquids. J. Phys. Chem. C 2017, 121, 5415—5427.

(70) Rauber, D.; Heib, F.; Schmitt, M.; Hempelmann, R.
Trioctylphosphonium room temperature ionic liquids with perfluori-
nated groups - Physical properties and surface behavior in comparison
with the nonfluorinated analogues. Colloid. Surf. A 2018, 537, 116—
128S.

(71) Lo Celso, F.; Yoshida, Y.; Lombardo, R.; Jafta, C.; Gontrani, L.;
Triolo, A,; Russina, O. Mesoscopic structural organization in
fluorinated room temperature ionic liquids. Compt. R. Chim. 2018,
21, 757-770.

(72) Lo Celso, F.; Appetecchi, G. B.; Simonetti, E.; Zhao, M,;
Castner, E. W.; Keiderling, U.; Gontrani, L.; Triolo, A.; Russina, O.
Microscopic Structural and Dynamic Features in Triphilic Room
Temperature Ionic Liquids. Front. Chem. 2019, 7, 28S.

(73) Heller, B. S. J; Paap, U; Maier, F; Steinruck, H. P.
Pronounced surface enrichment of fluorinated ionic liquids in binary
mixtures with methoxy-functionalized ionic liquids. J. Mol. Lig. 2020,
30S, No. 112783.

(74) Koller, T. M.; Lenahan, F. D.; Schmidt, P. S.; Klein, T.; Mehler,
J.; Maier, F.; Rausch, M. H.; Wasserscheid, P.; Steinruck, H. P.; Froba,
A. P. Surface Tension and Viscosity of Binary Mixtures of the
Fluorinated and Non-fluorinated Ionic Liquids [PFBMIm][PF4] and
[C,C,Im][PF] by the Pendant Drop Method and Surface Light
Scattering. Int. J. Thermophys. 2020, 41, 144.

(75) Heller, B. S. J.; Lexow, M.; Greco, F.; Shin, S.; Partl, G.; Maier,
F.; Steinriick, H. P. Temperature-Dependent Surface Enrichment
Effects in Binary Mixtures of Fluorinated and Non-Fluorinated Ionic
Liquids. Chem.—Eur. J. 2020, 26, 1117—1126.

(76) Elstone, N. S.; Shaw, E. V.; Shimizu, K.; Lai, J. S.; Demé, B.;
Lane, P. D.; Costen, M. L.; McKendrick, K. G.; Youngs, S.; Rogers, S.
E; Lopes, J. N. C; Bruce, D. W,; Slattery, J. M. Chain-length
dependent organisation in mixtures of hydrogenous and fluorous ionic
liquids. Faraday Discuss. 2024, 253, 55—78.

(77) Lai, J. S.; Gladden-Bennett, E. F.; Shimizu, K; Elstone, N. S.;
Tanner, T. F. N.; Demé, B.; Whitwood, A. C.; Shimizu, S.; Lopes, J.
N. C,; Slattery, J. M.; Bruce, D. W. To mix or not to mix: charge and
polarity effects on alkyl/fluoroalkyl compound miscibility. Phys. Chem.
Chem. Phys. 2028, 27, 13870—13883.

(78) Conner, R. W.; Dlott, D. D. Ultrafast emission spectroscopy of
exploding nanoaluminum in Teflon: Observations of aluminum
fluoride. Chem. Phys. Lett. 2011, 512, 211-216.

(79) Zheng, X. X,; Curtis, A. D.; Shaw, W. L.; Dlott, D. D. Shock
Initiation of Nano-Al plus Teflon: Time-Resolved Emission Studies. J.
Phys. Chem. C 2013, 117, 4866—4875.

(80) Losada, M; Chaudhuri, S. Theoretical Study of Elementary
Steps in the Reactions between Aluminum and Teflon Fragments
under Combustive Environments. J. Phys. Chem. A 2009, 113, 5933—
5941.

(81) Shaheen, M. E.; Abdelwahab, A. Y. E. Laser ablation in liquids:
A versatile technique for nanoparticle generation. Opt. Laser Technol.
2025, 186, No. 112705.

(82) Partay, L. B.; Hantal, G.; Jedlovszky, P.; Vincze, A.; Horvai, G.
A new method for determining the interfacial molecules and
characterizing the surface roughness in computer simulations.:
Application to the liquid-vapor interface of water. J. Comput. Chem.
2008, 29, 945—-956.

(83) Eisenhaber, F.; Lijnzaad, P.; Argos, P.; Sander, C.; Scharf, M.
The Double Cubic Lattice Method - Efficient Approaches to
Numerical-Integration of Surface-Area and Volume and to Dot
Surface Contouring of Molecular Assemblies. J. Comput. Chem. 1995,
16, 273—284.

(84) Cabry, C. P; D’Andrea, L.; Elstone, N. S; Kirchhecker, S.;
Riccobono, A.; Khazal, I; Li, P. X,; Rogers, S. E.; Bruce, D. W,;
Slattery, J. M. Small-angle neutron scattering from mixtures of long-
and short-chain 3-alkyl-1-methyl imidazolium bistriflimides. Phys.
Chem. Chem. Phys. 2022, 24, 15811—15823.

https://doi.org/10.1021/acs.jpcc.5c08388
J. Phys. Chem. C 2026, 130, 2975—-2987


https://doi.org/10.1021/acs.jpcb.7b01654?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.7b01654?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C7FD00175D
https://doi.org/10.1039/C7FD00175D
https://doi.org/10.1021/acs.jpclett.8b02920?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.8b02920?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.8b02920?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.1c10460?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.1c10460?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/j100088a035?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/j100088a035?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/j100088a035?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/j100088a035?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1146/annurev.physchem.53.100301.131622
https://doi.org/10.1146/annurev.physchem.53.100301.131622
https://doi.org/10.1021/cr200384k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr200384k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja045475v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja045475v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp054596u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp054596u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ar700065s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ar700065s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp055890p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp055890p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpca.3c02167?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpca.3c02167?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.3c02647?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.3c02647?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/c3fd00056g
https://doi.org/10.1039/c3fd00056g
https://doi.org/10.1002/cphc.201500473
https://doi.org/10.1002/cphc.201500473
https://doi.org/10.1002/cphc.201500473
https://doi.org/10.1039/C5RA13869H
https://doi.org/10.1039/C5RA13869H
https://doi.org/10.1039/C5RA13869H
https://doi.org/10.1021/acs.jpcc.7b00516?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.7b00516?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.colsurfa.2017.10.013
https://doi.org/10.1016/j.colsurfa.2017.10.013
https://doi.org/10.1016/j.colsurfa.2017.10.013
https://doi.org/10.1016/j.crci.2018.02.001
https://doi.org/10.1016/j.crci.2018.02.001
https://doi.org/10.3389/fchem.2019.00285
https://doi.org/10.3389/fchem.2019.00285
https://doi.org/10.1016/j.molliq.2020.112783
https://doi.org/10.1016/j.molliq.2020.112783
https://doi.org/10.1007/s10765-020-02720-w
https://doi.org/10.1007/s10765-020-02720-w
https://doi.org/10.1007/s10765-020-02720-w
https://doi.org/10.1007/s10765-020-02720-w
https://doi.org/10.1002/chem.201904438
https://doi.org/10.1002/chem.201904438
https://doi.org/10.1002/chem.201904438
https://doi.org/10.1039/D4FD00047A
https://doi.org/10.1039/D4FD00047A
https://doi.org/10.1039/D4FD00047A
https://doi.org/10.1039/D5CP01737H
https://doi.org/10.1039/D5CP01737H
https://doi.org/10.1016/j.cplett.2011.07.036
https://doi.org/10.1016/j.cplett.2011.07.036
https://doi.org/10.1016/j.cplett.2011.07.036
https://doi.org/10.1021/jp312637g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp312637g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp810156j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp810156j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp810156j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.optlastec.2025.112705
https://doi.org/10.1016/j.optlastec.2025.112705
https://doi.org/10.1002/jcc.20852
https://doi.org/10.1002/jcc.20852
https://doi.org/10.1002/jcc.20852
https://doi.org/10.1002/jcc.540160303
https://doi.org/10.1002/jcc.540160303
https://doi.org/10.1002/jcc.540160303
https://doi.org/10.1039/D2CP01528E
https://doi.org/10.1039/D2CP01528E
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.5c08388?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry C

pubs.acs.org/JPCC

(85) Canongia Lopes, J. N.; Deschamps, J; Padua, A. A. H.
Modeling ionic liquids using a systematic all-atom force field. J. Phys.
Chem. B 2004, 108, 2038—2047.

(86) Canongia Lopes, J. N.; Padua, A. A. H. Molecular force field for
ionic liquids composed of triflate or bistriflylimide anions. J. Phys.
Chem. B 2004, 108, 16893—16898.

(87) Canongia Lopes, J. N.; Padua, A. A. H. Molecular force field for
ionic liquids III: Imidazolium, pyridinium, and phosphonium cations;
Chloride, bromide, and dicyanamide anions. J. Phys. Chem. B 2006,
110, 19586—19592.

(88) Canongia Lopes, J. N.; Padua, A. A. H.; Shimizu, K. Molecular
force field for ionic liquids IV: Trialkylimidazolium and alkoxycar-
bonyl-imidazolium cations; alkylsulfonate and alkylsulfate anions. J.
Phys. Chem. B 2008, 112, 5039—5046.

(89) Shimizu, K.; Almantariotis, D.; Gomes, M. F. C.; Padua, A. A.
H.; Canongia Lopes, J. N. Molecular Force Field for Ionic Liquids V:
Hydroxyethylimidazolium, Dimethoxy-2-Methylimidazolium, and
Fluoroalkylimidazolium Cations and Bis(Fluorosulfonyl)Amide, Per-
fluoroalkanesulfonylamide, and Fluoroalkylfluorophosphate Anions. J.
Phys. Chem. B 2010, 114, 3592—3600.

(90) Jorgensen, W. L.; Maxwell, D. S.; TiradoRives, J. Development
and testing of the OPLS all-atom force field on conformational
energetics and properties of organic liquids. J. Am. Chem. Soc. 1996,
118, 11225—-11236.

(91) Sedghamiz, E.; Moosavi, M. Probing the tricationic ionic
liquid/vacuum interface: insights from molecular dynamics simu-
lations. Phys. Chem. Chem. Phys. 2018, 20, 14251—14263.

(92) Leach, A. R. Molecular Modelling, Principles and Applications;
Prentice Hall, 2001.

(93) Western, C. M. PGOPHER: A program for simulating
rotational, vibrational and electronic spectra. J. Quant. Spectrosc.
Rad. Trans. 2017, 186, 221-242.

(94) Western, C. M,; Billinghurst, B. E. Automatic assignment and
fitting of spectra with PGOPHER. Phys. Chem. Chem. Phys. 2017, 19,
10222—-10226.

(95) Western, C. M.; Carter-Blatchford, L.; Crozet, P.; Ross, A. J.;
Morville, J.; Tokaryk, D. W. The spectrum of N, from 4,500 to 15,700
cm™ revisited with PGOPHER. J. Quant. Spectrosc. Rad. Trans. 2018,
219, 127-141.

(96) Western, C. M.; Billinghurst, B. E. Automatic and semi-
automatic assignment and fitting of spectra with PGOPHER. Phys.
Chem. Chem. Phys. 2019, 21, 13986—13999.

(97) Torrisi, L; Caridi, F.; Picciotto, A,; Borrielli A. Energy
distribution of particles ejected by laser-generated aluminium plasma.
Nucl. Instrum. Meth. B 2006, 252, 183—189.

2987

CAS BIOFINDER DISCOVERY PLATFORM™

PRECISION DATA
FOR FASTER
DRUG
DISCOVERY

CAS BioFinder helps you identify
targets, biomarkers, and pathways

Unlock insights

https://doi.org/10.1021/acs.jpcc.5c08388
J. Phys. Chem. C 2026, 130, 2975—-2987


https://doi.org/10.1021/jp0362133?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp0476545?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp0476545?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp063901o?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp063901o?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp063901o?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp800281e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp800281e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp800281e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp9120468?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp9120468?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp9120468?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp9120468?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja9621760?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja9621760?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja9621760?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C8CP02471E
https://doi.org/10.1039/C8CP02471E
https://doi.org/10.1039/C8CP02471E
https://doi.org/10.1016/j.jqsrt.2016.04.010
https://doi.org/10.1016/j.jqsrt.2016.04.010
https://doi.org/10.1039/C7CP00266A
https://doi.org/10.1039/C7CP00266A
https://doi.org/10.1016/j.jqsrt.2018.07.017
https://doi.org/10.1016/j.jqsrt.2018.07.017
https://doi.org/10.1039/C8CP06493H
https://doi.org/10.1039/C8CP06493H
https://doi.org/10.1016/j.nimb.2006.07.004
https://doi.org/10.1016/j.nimb.2006.07.004
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.5c08388?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.cas.org/solutions/biofinder-discovery-platform?utm_campaign=GLO_ACD_STH_BDP_AWS&utm_medium=DSP_CAS_PAD&utm_source=Publication_ACSPubs

