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Abstract: 

The atomic-level description of liquid interfaces has lagged behind that of solid crystalline 

surfaces, because existing experimental techniques have been limited in their capability to report 

molecular structure in a fluctuating liquid interfacial layer.  We have moved toward a more 

detailed experimental description of the gas-liquid interface by studying the F-atom scattering 

dynamics on a common ionic liquid, 1-butyl-3-methylimidazolium 

bis(trifluoromethylsulfonyl)imide.  When given contrast by deuterium labeling, the yield and 

dynamical behavior of reactively scattered HF isotopologues can resolve distinct signatures from 

the cation butyl, methyl, and ring groups, which help to quantify the relative populations of cation 

conformations at the liquid-vacuum interface.  These results demonstrate the importance of 

molecular organization in driving site-specific reactions at the extreme outer regions of the gas-

liquid interface. 
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 Room-temperature ionic liquids (RTILs) are a chemically and structurally diverse set of 

molecular salts, with low melting points and vapor pressures, that may be chemically tuned for a 

wide variety of potential technological applications.1-6  Following the discovery of nanoscale 

structuring in the RTIL bulk7-11 and at interfaces,12-15 a broad effort to characterize and understand 

the nature of this structuring was launched, in order to guide the design of RTILs with desired 

properties.16-17  The RTIL interface with vacuum has emerged as an important benchmark system 

for the study of liquid interfacial structure, because the properties of this interface are completely 

dictated by intermolecular interactions of the RTIL without complications induced by the 

presence of a second phase.  In addition, most RTILs are stable under ultra-high vacuum 

conditions, minimizing the presence of volatile impurities and permitting the use of a wide variety 

of powerful surface science methods traditionally restricted to solids.18-19 In analogy with the 

surface sites of crystalline solids, a distribution of stable ion conformations at the liquid-vacuum 

interface might show distinct, site-specific chemical or physical properties20-23 or reveal local 

contributions to collective properties of the fluctuating interface.24-27   

Experiments capable of quantifying the relative populations of preferred ion 

conformations are crucial to the development and verification of realistic models of the liquid-

vacuum interface of RTILs and other molecular liquids.  Methods like sum-frequency generation 

(SFG) and angle-resolved X-ray photoelectron spectroscopy (ARXPS) have made important 

contributions to our understanding of the average orientation of specific ions at the liquid-vacuum 

interface of common RTILs.28-31  A smaller number of studies using molecular dynamics (MD) 

simulations and low-energy ion scattering (LEIS) have  addressed the distribution or relative 

populations of ion conformations at such interfaces.32-35  Our own investigations of the RTIL-

vacuum interface with the use of reactive-atom scattering have revealed general features of the 
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interface through signatures in the scattering dynamics.36-39  Unlike studies of inelastic scattering 

on interfaces with noble gas atoms, reactive-atom scattering is intrinsically chemically specific 

because the scattered reaction product carries a surface atom that the probe atom must have come 

into contact with before the product exited the interface.   In the study reported here, we have 

achieved site-specific information by reactive-atom scattering through the first uses of an 

isotopically-labeled RTIL and a fluorine probe atom for such an experiment.  Our primary data 

are angle- and velocity-resolved distributions of reactively scattered products from deuterium-

labeled variants of the common RTIL, 1-butyl-3-methylimidazolium 

bis(trifluoromethylsulfonyl)imide ([C4mim][Tf2N]).  We have demonstrated the surface 

specificity of the reactive atom probe, and we have derived quantitative information about the 

relative number density and local environment of specific cation functional groups accessible to 

the probe.  We have further conducted polarizable molecular dynamics (MD) simulations of the 

liquid-vacuum interface and compared the MD predictions with the experimental results.  The 

good agreement between the two implies a robust quantitative understanding of the relative 

populations of cation conformations that expose or hide the methyl group from vacuum.  

The experiments were carried out with the use of a molecular-beam apparatus configured 

for beam-surface scattering studies, as described in previous publications.40-41  A pulsed beam of 

high-velocity F atoms was directed at the continually refreshed liquid-vacuum interface of a 

[C4mim][Tf2N] isotopologue (Fig. 1) at an incident angle θi.  For a given θi, a rotatable mass 

spectrometer was used to monitor F, HF, and DF products that scattered at a particular final angle 

θf.  Number density distributions of scattered products were collected as a function of flight time 

from the interface to the electron-impact ionizer of the detector; these distributions are referred to 

as time-of-flight (TOF) distributions.  Details of the experimental methods are provided in the 
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Methods section below and in the Supporting Information (SI.I.A).  The four deuterium-labeled 

isotopologues of [C4mim][Tf2N] allow H-atom abstraction reactions at the cation butyl, methyl, 

and imidazolium ring groups (hereafter referred to as “butyl,” “methyl,” and “ring”) to be 

distinguished.  For example, scattering from the butyl group can be distinguished as HF scattering 

from d6-[C4mim][Tf2N].  Scattering signals from the methyl and ring can be similarly 

distinguished using other isotopologues of [C4mim][Tf2N]. 

 Representative TOF distributions are shown in Fig. 2 for F, HF, and DF that scattered 

from the liquid-vacuum interface of d6-[C4mim][Tf2N].  All three TOF distributions can be 

understood as the superposition of three distinct contributions.  The TOF distribution at shorter 

flight times is produced by impulsive scattering (IS) trajectories where the incident atom or the 

product has insufficient interaction at the interface for thermal equilibrium to be attained before 

the atom or product scatters from the surface.  The distribution at intermediate flight times is 

produced by trajectories that exchange sufficient energy with the surface that the scattered species 

emerge with a Maxwell-Boltzmann (MB) velocity distribution characteristic of thermal 

desorption (TD) at the temperature of the interface.  TOF signals detected at flight times that are 

too long to associate with IS or TD are labeled as long-time (LT) signals.  The origin of the LT 

signal is currently unclear; this signal might be a signature of a hydrogen-atom abstraction 

reaction in a higher density region of the liquid-vacuum interface or it may be an experimental 

artifact (see discussion in SI.II.D).   The high incident energy of the F atoms (〈Ei〉 = 384 kJ mol─1) 

promotes spatially localized collisions and high IS yields, as well as large temporal separations 

between IS and TD distributions at a liquid temperature of 323 K.38, 42  The translational energy 

distributions of the HF (or DF) products that have been derived from the IS components of the 

TOF distributions (not shown) do not extend beyond the incident translational energy, suggesting 
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that the high exothermicity of the reaction (~140 kJ mol–1) is mostly released in internal excitation 

of the scattered product and the surface.  Despite the extreme reactivity of atomic fluorine, the 

likelihood of direct scattering without reaction is high.  For example, the IS F flux is 

approximately 71% of the combined F and HF flux from [C4mim][Tf2N] at θi = 60° and θf = 70°. 

HF and DF TOF distributions have been used to derive site- and pathway-specific 

scattering signals following a procedure described in (SI.II.A&B).  The experimental data 

collected in this study provide a means to estimate the H/D isotope effects (SI.II.B), and the 

appropriate isotope effect corrections have been applied to the DF signals such that they can be 

used to determine the relative site-specific HF product distributions from an undeuterated cation 

(ultimately limited by the accuracy of the isotope effect corrections).  Therefore, unless it is 

important to note that a particular result is derived from DF TOF distributions, explicit references 

to IS, TD, and LT HF results implicitly include any corrected DF data that were used in the 

derivation of those results. 

IS and TD HF flux percentages originating from the butyl, methyl, and ring groups are 

shown in Fig. 3.  Butyl is the dominant source of IS and TD HF (86-95%), followed by methyl 

(4-12%) and the ring (≤3%).  Thus, the HF yield from butyl is larger than expected from 

stoichiometry (60%), and the yields from methyl and the ring are successively smaller than 

expected from stoichiometry (20% each). 

Fig. 3 contains important information on the surface specificity of IS and TD HF 

scattering.  In principle, the surface specificity of the TD HF signal is complicated by the presence 

of two contributing pathways.  (1) Incident F atoms may come into thermal equilibrium at the 

vacuum-liquid interface before abstracting a hydrogen atom and desorbing as HF or (2) incident 

F atoms may form HF in an initial non-thermal reaction before trapping and subsequent 
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desorption of HF.  If pathway (1) is dominant, then the similarity between the IS and TD HF flux 

percentages could indicate that IS HF and thermal F atoms at the liquid-vacuum interface probe 

a similar set of liquid atoms.  If pathway (2) is dominant, then the observed TD HF flux 

percentages are simply inherited from initial IS HF.  There is no ambiguity in the observed IS HF, 

as it must involve a non-thermal H-atom abstraction.  It is important to note that the IS HF flux 

percentage from the ring is difficult to interpret because the strong sp2 C-H bonds and the 

competing process of F-atom addition to the imidazolium ring is expected to reduce the reactivity 

of this group relative to the butyl and methyl.  F atoms that penetrate into the tightly packed region 

beneath the outermost interfacial atoms should experience a large number of highly inelastic 

collisions; therefore, the hyperthermal translational energy of IS HF is strong dynamical evidence 

that IS HF must be highly surface specific.  If a significant fraction of incident F atoms were to 

penetrate ballistically deep into the liquid-vacuum interface and react to form HF, this signal 

would be expected to grow as the incident translational energy along the macroscopic interfacial 

normal increases.  Note that a decrease in incident angle from 60° to 30° results in an increase of 

~140 kJ mol-1 or 74% in translational energy in the normal direction.   However, the site-resolved 

IS HF flux percentages are largely insensitive to θi, indicating that the IS HF hydrogen-atom 

abstraction event is restricted to hydrogen atoms that are directly accessible to an incident F atom.  

Therefore, the IS HF flux from a specific C-H bond type should be approximately proportional 

to its number density at the liquid-vacuum interface.  This conclusion is also supported by the 

highly non-stoichiometric IS HF flux percentages from the chemically similar butyl and methyl 

groups.  F atoms that penetrate sufficiently deeply to sample the bulk composition would be 

expected to sample butyl and methyl C-H bonds stoichiometrically.  The observation that all butyl 

and methyl C-H bonds are not sampled stoichiometrically suggests that the liquid-vacuum 
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interfacial structure of [C4mim][Tf2N] is responsible for the large IS HF flux percentage from 

butyl relative to methyl.  This result is consistent with previous studies, which have concluded 

that [Cnmim]+ cations with n ≥ ~4 orient the alkyl group toward the vacuum29 forming a nonpolar 

layer of alkyl groups above an ionic layer containing the positively charged imidazolium ring and 

charged portion of the anion.17  Despite the preponderance of accessible butyl groups at the 

interface, the substantial IS HF yield from methyl suggests that these groups are also accessible 

at the interface.   

Further investigation of the distribution of cation conformations at the liquid-vacuum 

interface was performed with a polarizable molecular dynamics (MD) simulation of the 

[C4mim][Tf2N] liquid-vacuum interface (see SI.II.C for details).  The atoms on the simulated 

liquid-vacuum interface that are accessible to a gas-phase probe atom were identified by an 

algorithm in which a sheet of probe spheres was dropped onto the interface.32-33  Interfacial atoms 

that come into van der Waals contact with a probe sphere are assumed to be accessible to gas-

phase F atoms.  Using this method, we found that the methyl groups are approximately 17% of 

the total number of butyl and methyl groups accessible to the vacuum.  This value is in good 

agreement with an estimate of ~20% obtained from a simple model of the experimental results 

that is built on reasonable assumptions about the distribution of cation orientations at the liquid-

vacuum interface and the equal accessibility and reactivity of all C-H bonds for a butyl or methyl 

group exposed to the vacuum (see Section SI.II.G).  A more direct comparison between the MD 

simulation and the experiment is in the ratio of butyl to methyl H atoms that are accessible to the 

vacuum, the experimental value of which is 13.3 ± 3 when averaged over all three incident angles 

used (see Fig. 3).  If we assume that all butyl and methyl C-H bonds are equally reactive, the ratio 

of butyl to methyl H atoms selected by the sheet of probe spheres in the MD simulation is slightly 
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larger, 19 ± 5, although still in agreement within the error limits of the two results.  Our polarizable 

MD simulations show that the subset of [C4mim][Tf2N] cations that expose methyl atoms to the 

vacuum tend to adopt one of two conformations (see Figs. S12-S14), with the N-CH3 bond 

oriented roughly parallel to the interface or perpendicular to it and projecting toward the vacuum.  

The cation conformations were quantified with the angles θMethyl and θButyl.  θMethyl is defined as 

the angle between the interfacial normal (a vector normal to the interface and pointing toward the 

vacuum) and the N-C vector where C is the methyl carbon.  θButyl is defined as the angle between 

the interfacial normal and the vector between the butyl methylene carbon attached to N and the 

last butyl methyl carbon.  Although the conformation distributions are broad and overlapping, we 

estimate that 81%, 12%, and 7% of cations at the liquid-vacuum interface are in orientations I 

(θMethyl > 90°, θButyl < 90°), II (θMethyl ~ 90°, θButyl < 90°), and III (θMethyl < 90°, θButyl > 90°), 

respectively.  This cation conformation distribution yields a value of ~17% for the fraction of 

methyl groups as a percentage of the total methyl and butyl groups exposed to the vacuum, 

100%
𝐼𝐼𝐼𝐼 + 𝐼𝐼𝐼𝐼𝐼𝐼

(𝐼𝐼 + 𝐼𝐼𝐼𝐼) + (𝐼𝐼𝐼𝐼 + 𝐼𝐼𝐼𝐼𝐼𝐼)
= 100%

12 + 7
(81 + 12 ) + (12 + 7) ≈ 17% , 

which is consistent with the fraction determined by the sphere-drop method.  The cation 

conformation distribution obtained from our polarizable MD simulation is qualitatively similar to 

the cation conformation distribution derived from a slightly different analysis procedure applied 

to classical MD simulations of [C4mim][PF6] at 298.15 K, where 75.3%, 17.2%, and 7.5% of 

surface cations were reported to be in conformations I, II, and III, respectively.32-33, 43  The near 

quantitative agreement between the experimentally-derived conformation distribution and the 

predictions of the MD simulation simultaneously adds confidence in the ability of both the 

simulations and reactive-atom scattering to report conformational heterogeneity at the liquid-

vacuum interface. 
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The product angular distributions provide additional experimental information about 

interfacial structure.   The HF angular distributions in Fig. 4A-C show that IS HF flux from butyl, 

methyl, and the ring approaches a cos(θf) angular distribution as the incident angle decreases.  A 

notable exception to this trend is in the angular distribution for IS HF from the ring, which will 

be discussed below.  As demonstrated in SI.II.E, the IS HF angular distribution from methyl can 

be well described as a linear combination of a cos(θf) function and the IS HF angular distribution 

from butyl, for each θi.  As θi decreases, the weight of the cos(θf) term increases.  Thus, the 

scattering dynamics of IS HF from any cation group appear to be intrinsically similar and 

primarily differ in the importance of one or more processes that damp the angular distribution 

toward a cos(θf) distribution.  A likely explanation is that collisions before, during, or after the IS 

HF reactive event may tend to randomize the scattering angle and produce a cos(θf) component 

in the resulting angular distribution.  The involvement of such secondary collisions is consistent 

with the increase in cos(θf) character in the IS HF angular distributions with decreasing θi and the 

general observation that TD increases at the expense of IS at lower θi (see SI.II.E&F).  

Furthermore, this explanation is consistent with the conclusion from the product yields that the 

butyl groups tend to project toward the vacuum.  The IS HF from butyl possesses the least cos(θf) 

character at all θi (excluding the IS HF from the ring at θi = 30°), implying that the fewest multiple-

bounce trajectories are involved in the production of IS HF from butyl and therefore that the most 

accessible C-H bonds at the interface are on the butyl group. 

The interpretation of the ratios of IS to TD HF flux builds upon the idea that secondary 

collisions control important dynamical signatures of interfacial structure (see SI.II.F). In this 

context, the increasing importance of secondary collisions is assumed to be responsible for the 

correlation between lower relative cos(θf) character in the IS HF angular distributions and higher 
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IS to TD HF flux ratios (see SI.II.E).  The IS/TD HF flux ratio from butyl (3.7) is approximately 

3 times larger than the IS/TD HF flux ratio from methyl (1.2) at θi = 60º, indicating that H-atom 

abstraction reactions at butyl sites are more direct than those at methyl sites.  This observation is 

consistent with the conclusion reached from both the IS and TD HF product yields and the IS HF 

angular distributions that the majority of cations at the liquid-vacuum interface orient such that 

the butyl group protrudes into the vacuum.  Thus, relative to the liquid-atom density around a 

butyl C-H bond, the average liquid-atom density around a given methyl C-H bond is higher and 

the likelihood of secondary collisions with butyl, or other protruding groups, is higher. 

The dependence of the IS HF angular distributions on θi provide another independent 

signature of interfacial structure.  As noted in the context of Fig. 4A-C, all the IS HF angular 

distributions approach a cos(θf) functional form as θi decreases from 60º to 30º, with the exception 

of the distribution from the ring at θi = 30º.   Even within the uncertainty in the angular distribution 

from the ring at θi = 30º that results from the subtraction method used to derive it, this distribution 

exhibits a peculiar shape that has a maximum at low θf and is narrower than a cos(θf) function.  

Similar IS product angular distributions with θi ≤ 30º have been observed in earlier experiments 

and simulations of non-reactive hyperthermal scattering of atoms from ice and self-assembled 

monolayer (SAM) interfaces.44-49  In these earlier studies, the narrow IS angular distribution with 

a maximum at low θf has been identified as a signature of trajectories that penetrate the interfacial 

region via pores or channels before scattering into the vacuum.  At the liquid-vacuum interface 

of [C4mim][Tf2N], the intermolecular space between ordered cations and anions may serve a 

similar purpose.  By analogy with these earlier studies, the angular distributions in Fig. 4A may 

indicate that IS HF from the ring comes from penetration trajectories but IS HF from butyl and 

methyl do not.  This supposition is consistent with our earlier conclusion that methyl IS HF signal 
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originates from methyl groups exposed to the vacuum.  If the ring is less accessible than exposed 

methyl or butyl groups, then the IS and TD HF flux percentages from the ring would be expected 

to be low, as was observed (Fig. 3).  In addition, reduced H-atom abstraction probability from the 

ring relative to butyl and methyl may contribute to the low HF flux percentages from the ring. 

The experimental scattering dynamics have thus revealed two basic cation conformations 

at the interface, and the experimental conclusions have been corroborated by the polarizable MD 

simulation, which in turn provides further detail of the interfacial structure.  High site-specific HF 

IS yields from butyl and the incident-angle dependence of the cos(θf) character in the IS HF flux 

from butyl indicate that the predominant cation conformation orients the butyl group toward the 

vacuum.  The detection of IS HF from methyl in relatively low yields with the absence of a 

penetration signature imply minority conformations with the methyl group oriented toward the 

vacuum.  Although equivocal, additional evidence from the incident-angle dependence of the LT 

DF yields (SI.II.D) suggests that the methyl group is directed toward the liquid bulk.  The two 

conformations deduced from the experimental results are captured in the MD simulations, 

represented in the snapshots shown in Fig. 4D-F.  The polarizable MD simulations predict a ratio 

of exposed butyl to methyl H atoms of 19 ± 5 (see SI.II.C), in reasonable agreement with the 

experimental ratio of 13 ± 3 (derived from data in Fig. 3A).  When the relative conformation 

population is represented as a percentage of exposed butyl groups, the MD and experimental 

results are 77% and 80%, respectively. 

Isotopic labeling reduces the dynamical assumptions necessary to interpret reactive-atom 

scattering from liquid interfaces and advances the utility of this analytical tool.  Even on a 

fluctuating and thermally disordered [C4mim][Tf2N] liquid-vacuum interface, product yields and 

dynamical signatures can resolve differences between C-H bonds that are a few angstroms apart 
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on the [C4mim]+ cation.  We have leveraged this sensitivity to obtain the relative population and 

local environment of two cation functional groups on [C4mim][Tf2N].  While the experiments 

themselves have revealed details of liquid-vacuum interfacial structure, they have also validated 

atomistic simulations, which have further quantified the relative population of distinct cation 

conformations at the liquid-vacuum interface.  This site-specific atomic probe provides a 

description of this structurally complex molecular environment that complements the description 

provided by alternative probes, whose conclusions typically depend on highly averaged 

quantities. 

 

Methods: 

Gas-liquid scattering experiments:  All experiments were carried out with the use of a 

crossed molecular beams apparatus configured for beam-surface scattering.  A laser detonation 

source was used to atomize SF6 into a pulsed beam of hyperthermal neutral atomic fluorine and 

sulfur (2 Hz repetition rate).  This beam was directed into a vacuum chamber (base pressure < 

5.0 × 10−7 Torr) where a chopper wheel was used to transmit F and S atoms within a narrow 

velocity range, with a corresponding average translational energy and energy width (full width at 

half maximum) for F atoms of 〈𝐸𝐸𝑖𝑖〉 = 384 kJ mol-1 and FWHM = 49.8 kJ mol-1, respectively.  The 

pulsed hyperthermal beam was directed at the liquid-vacuum interface of a [C4mim][Tf2N] 

isotopologue prepared by rotating a stainless-steel wheel through a liquid reservoir and scraping 

the film to a uniform thickness of 125 μm.  The rotation frequency of the wheel was 0.25 Hz and 

the liquid temperature was held at 323 ± 1 K.  The experiments focused on the interactions of the 

incident F atoms at the liquid-vacuum interface.  F, HF, or DF products that scattered from the 

liquid-vacuum interface were detected by a quadrupole mass spectrometer detector that can rotate 
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in a plane defined by the F-atom beam axis and global surface normal of the liquid film.  For 

specific sets of incident and final angles, θi and θf, respectively, number density distributions 

(𝑁𝑁(𝑡𝑡), also referred to as time-of-flight or TOF distributions) of mass-selected products were 

collected as a function of flight time from the liquid surface to the electron bombardment ionizer 

(34.4 cm) of the detector.  The TOF distributions carry information about inelastic and reactive 

scattering pathways at the interface.  The methods used to analyze the TOF distributions and 

further details about the experiment may be found in the Supplementary Information. 

Molecular dynamics simulations:   Molecular dynamics (MD) simulations were used to 

model the composition and structure of the [C4mim][Tf2N] liquid-vacuum interface.  First, a 

classical MD simulation of the [C4mim][Tf2N] liquid bulk was performed with GROMACS 

2018.1 using the Canongia Lopes and Pádua (CLAP) additions to the OPLS-AA forcefield.  640 

ion pairs were propagated at 323.15 K with 3D periodic boundary conditions in an isothermal-

isobaric (or number, pressure, temperature = NPT) ensemble.  Next, a snapshot of the bulk 

production run trajectory was extracted and edited to extend the z-axis of the periodic boundary 

condition unit cell by a factor of 3.  These initial coordinates were used to launch a classical MD 

simulation of a vacuum-liquid-vacuum slab system at 323.15 K with 3D periodic boundary 

conditions in a canonical (or number, volume, temperature = NVT) ensemble.  A snapshot of the 

NVT production run trajectory of the slab was used to construct initial coordinates for a 

polarizable core-shell MD simulation with parameters specifically developed to augment the non-

polarizable CLAP model with an electronic degree of freedom.50-51  These polarizable MD 

simulations were executed with a branch of GROMACS 2016 that implements a dual-thermostat 

extended Lagrangian algorithm.52  One Nosé-Hoover thermostat was applied to all shell particles 

to maintain a temperature of 1K.  A second Nosé-Hoover thermostat was applied to all hydrogen 
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atoms and core particles to maintain a temperature of 323.15 K.  Long-range van der Waals 

interactions were included with a PME method.  The PME method was also used to include long-

range electrostatics with a correction term for slab boundary conditions.  After energy 

minimization, the system was equilibrated by propagating all particles in an NVT ensemble for 2 

ns with a 1 fs timestep.  Following equilibration, a 10 ns NVT trajectory was recorded with a 1 fs 

timestep for all data analysis.  Additional details are provided in the Supplementary Information. 
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Figure 1:  Ionic liquid ion structures, with names and abbreviations, of the four ionic liquid isotopologues that 
were prepared for this study.  The numbering scheme used to index carbon atoms in the cation are explicitly 
shown for [C4mim]+.  See SI.I.B. for details of the ionic liquid synthesis. 
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Figure 2:  Representative time-of-flight (TOF) distributions of scattered F, HF, and DF are shown in yellow.  F 
atoms traveling at ~6300 m s-1 (⟨Ei⟩ = 384 kJ mol-1) were directed toward the liquid-vacuum interface of d6-
[C4mim][Tf2N] at an incident angle of 60° for panels A-C and 30° for panel D.  The TOF distributions have been 
separated into components corresponding to products that were impulsively scattered (IS) and thermally 
desorbed (TD).  The residual TOF distributions show significant amplitude at long flight times (LT) beyond 700 
μs.  Panel D compares the LT DF TOF distribution with the TOF predicted by a Maxwell-Boltzmann (MB) 
distribution at 323 K. 
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Figure 3:  Site-resolved IS and TD HF flux percentages from the cation as a function of F-atom incident angle 
are expressed, respectively, as a fraction of total IS flux (solid circles with solid lines) or as a fraction of total TD 
flux (open circles with dashed lines).  Black dashed lines mark the HF flux percentage predicted by stoichiometry 
for butyl (60%) and methyl or the ring (20%).  
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Figure 4.  (A-C) IS HF angular distributions from the [C4mim]+ butyl, methyl, and imidazolium ring groups.  
Each point represents the relative integrated product flux derived from a TOF distribution at a given θi and θf. 
Each trace has been scaled so the Cartesian area between θf = 20° and θf = 80° (range shown in gray) has a value 
of 1.0.  (D, E) Side views of two cations at the liquid-vacuum interface, from a classical MD simulation.  The 
majority configuration exposes the cation butyl group to vacuum, and the minority configuration exposes the 
cation methyl group to vacuum (yellow sphere: F-atom; yellow line: liquid-vacuum interface; light-blue: liquid 
atoms that do not belong to the cation).  (F) Top-down view of the liquid-vacuum interface predicted by classical 
MD simulation (see SI.II.B) rendered as a series of opaque spheres, with all non-hydrogen atoms shown in gray.  
Representative surface sites that expose the butyl or methyl to vacuum are identified with dashed blue or pink 
circles, respectively.  Note that the angular distributions from the ring at θi = 30° and 60° are noisier than the 
others because they are derived by subtraction (IS DF from d6-[C4mim][Tf2N] minus IS DF from d3-Me-
[C4mim][Tf2N]). The n vector is labeled as macroscopic surface normal.  θMethyl is defined as the angle between 
the interfacial normal (a vector normal to the interface and pointing toward the vacuum) and the N-C vector 
where C is the methyl carbon.  θButyl is defined as the angle between the interfacial normal and the vector between 
the butyl methylene carbon attached to N and the last butyl methyl carbon. 
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