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ABSTRACT 

 

 

Experiments to characterize reactive and nonreactive gas-liquid scattering 

dynamics were carried out with the use of a crossed molecular beams apparatus configured 

for beam-surface scattering.  In each experiment, the identity of the gas and liquid was 

strategically selected to reveal fundamental insights on the relationship between scattering 

observables and liquid-vacuum interfacial structure.  This work is crucially important for 

the experimental advancement of liquid surface science and has the potential to impact our 

understanding of the chemical role of gas-liquid interfaces in the environment.  An 

extensive literature review suggests that the inherent chemical specificity of reactive 

scattering is a promising probe of composition at the liquid-vacuum interface.  We expand 

on what has been demonstrated in the literature by exploring F-atom scattering from the 

liquid-vacuum interface of deuterium labeled variants of the common ionic liquid 1-butyl-

3-methylimidazolium bis(trifluoromethylsulfonyl)imide ([C4mim][Tf2N]).  The 

experimental data and new molecular dynamics simulations provide evidence for the 

extreme surface specificity of reactive scattering and help quantify the relative populations 

of [C4mim]+ conformations at the liquid-vacuum interface.  Also, at a fixed incident angle, 

the site-specific IS flux angular distributions from [C4mim]+ were discovered to be related 

by the addition or subtraction of a line-shape proportional to a cos(θf) function.  To 

investigate this phenomenon, a separate study of noble gas scattering from the liquid-

vacuum interface of other low vapor pressure liquids was carried out.  Our results support 

the generality of the relative cos(θf) character trend and demonstrate that the relative cos(θf) 

character between total flux angular distributions from squalane and a perfluoropolyether 

is independent of gas identity and incident angle suggesting that this metric is an intrinsic 

property of the liquid pair.  The existing evidence suggests that the relative cos(θf) character 

between flux angular distributions is a result of angle-randomization from multiple 

collision scattering trajectories induced by atomic-scale corrugation at the liquid-vacuum 

interface.  A study on the liquid-vacuum interface structure of a solution of [RuCl2(p-

cymene)P(C8H17)3] in perdeuterated 1-ethyl-3-methylimidazolium 

bis(trifluoromethylsulfonyl)imide (d11-[C2mim][Tf2N]) is also discussed.  The 

experimental data suggest that [RuCl(p-cymene)P(C8H17)3]
+ is enriched at the liquid-

vacuum interface at the expense of d11-[C2mim]+ and the hydrocarbon chains of the Ru-

complex protrude into the vacuum. 
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REVIEW OF ATOMIC AND MOLECULAR COLLISIONS AT LIQUID SURFACES 

 

 

Abstract 

 

 

The gas-liquid interface remains one of the least explored, but nevertheless 

practically important, environments in which molecular collisions take place.  These 

molecular-level processes underlie many bulk phenomena of fundamental and applied 

interest, spanning evaporation, respiration, multiphase catalysis, and atmospheric 

chemistry.  We review here the research that has, during the past decade or so, been 

unraveling the molecular-level mechanisms of inelastic and reactive collisions at the gas-

liquid interface.  Armed with the fundamental understanding that such collisions with the 

outer layers of the interfacial region can be unambiguously distinguished, we show that the 

scattering of gas-phase projectiles is a promising new tool for the interrogation of liquid 

surfaces with extreme surface sensitivity.  Especially for reactive scattering, this method 

also offers absolute chemical selectivity for the groups that react to produce a specific 

observed product. 

 

Introduction 

 

 

Although the gas-liquid interfacial region is ubiquitous in environmental10-13 and 

industrial14-16 chemical systems, it is still a challenge to study this region with current 

experimental and computational tools.  Relative to bulk liquid and bulk gas, far less is 

known about the boundary between them.  The investigation of collisions of atoms or 
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molecules with liquid surfaces provides unique insight into this important interface that 

complements spectroscopic and electron or neutron scattering studies. 

Gas-liquid scattering dynamics are at the heart of the microscopic events that give rise 

to solvation, phase transport, and heterogeneous catalysis.  In Part I, we summarize general 

and important dynamical features of gas-liquid scattering.  Because of the many parallels 

between gas-solid and gas-liquid scattering, much of the language that is used to describe 

the dynamical features of gas-liquid scattering has been borrowed from the older and more 

extensive literature on gas-solid scattering.17-19  For example, both gas-liquid and gas-solid 

scattering can often be productively described as a superposition of two limiting 

distributions that correspond to thermal (or statistical) and impulsive (or nonstatistical) 

scattering.  However, liquid interfaces are disordered, aperiodic, dynamic, and more prone 

to thermal roughening1, 20, resulting in broad energy and angular distributions for gas-liquid 

scattering. 

The surface selectivity of gas-liquid collisions, which are restricted to or gated by the 

outermost region of the surface, makes gas-liquid scattering a potentially very powerful 

analytical tool for the study of liquid surface structure and composition.  In Part II, we 

highlight experiments that demonstrate this utility.  Relative to solids, the liquid interface 

is less defined and more structurally complex21-22.  The existence of surface-specific 

chemical and physical phenomena23 suggests that the gas-liquid interface can function as 

a reaction medium distinct from vacuum and bulk liquid.  Although there is much that 

remains to be learned about the surfaces of pure liquids, many current gas-liquid scattering 
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studies are building on the groundwork of existing knowledge and targeting complex liquid 

mixtures24-25. 

This review is timely because of the substantial advances that have been made in the 

field of gas-liquid interfaces in the past decade or so.  These interfaces have been studied 

with a variety of methods, including sum frequency generation, X-ray photoelectron 

spectroscopy, and X-ray, light, neutron, electron, and ion scattering.  However, we focus 

here on atomic and molecular collisions with liquid surfaces, because these interactions 

may provide a new way in which to obtain complementary information on surface 

composition and structure with a high degree of surface specificity and chemical 

selectivity.  Due to limitations of space, we restrict our review to the scattering of gaseous 

atoms, molecules, and radicals from hydrocarbons, polymers, ionic liquids, and liquid 

crystals.  Experimental, theoretical, and computational results are interleaved and 

discussed throughout.  Lu et al.26 have recently reviewed a large body of work on scattering 

dynamics from self-assembled monolayers (SAMs).  Here, we only include SAM studies 

that are relevant to gas-liquid scattering dynamics.  Ion-surface scattering, predominantly 

with much higher-energy projectiles, as reviewed by Andersson et al.27, is similarly 

omitted. 
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Methodologies 

 

 

Experimental Approaches to  

Studying Gas-Liquid Collisions 

 

Some features are common to all interfacial experiments on gas-liquid collision 

dynamics.  The basic elements are a liquid surface, a means to generate gas-phase 

projectiles, and a method to detect the scattered products.   

To obtain detailed dynamical information, the nascent products that scatter from 

the surface must be detected before they undergo any secondary encounters in the gas-

phase, in order to avoid the exchange of energy and the loss of memory of the interfacial 

interaction.  This need for a reasonably large mean free path implies that the experiments 

must be performed in a vacuum and therefore, without special measures, restricts the choice 

of liquids to those with low vapor pressures.  Liquids that meet this requirement include 

glycerol, long-chain hydrocarbons such as squalane (2,6,10,15,19,23-

hexamethyltetracosane) or sufficiently long linear alkanes (n > ~20), polymers such as 

PFPE (perfluoropolyether), ionic liquids, concentrated acids, and concentrated salt 

solutions.  Recently, some promising steps have been made toward the study of the gas-

liquid interfaces of aqueous solutions and other liquids with high vapor pressures.  The 

majority of work to date has involved low-vapor pressure liquids in static reservoirs or 

liquid-coated wheels in vacuum chambers.  The use of a wetted wheel (Figure 1) is 

probably the most popular method for studies of gas-liquid interfacial dynamics in vacuo.  

In this approach, pioneered by Lednovich and Fenn in 197728, a disk of a suitable material 

is partially immersed in a bath containing the liquid of interest.  As the wheel is rotated 
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through the liquid, the the liquid film on the surface of the wheel is continuously renewed.  

A scraper can be used to obtain an evenly covered, smooth surface. 

 

The gas-phase projectiles are introduced into the vacuum chamber in most 

experiments as a molecular beam that is directed toward the surface.  This technique has 

the advantage of giving a defined speed and angle of incidence to the projectile.  The beam 

can be pulsed or chopped for temporal resolution.  A supersonic expansion may be used to 

cool the incident internal-state distribution (often effectively into a single quantum state), 

providing well-defined initial conditions for high-resolution experiments and direct 

 
Figure 1:  Liquid reservoir with a rotating wheel to create a continually refreshed liquid surface for 

molecular beam-surface scattering experiments. 
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comparison with theory.  Radical species can be generated by laser photolysis or detonation 

or by electric discharge of a suitable precursor in the source region of the molecular beam. 

An alternative approach has also been adopted in which radical colliders are produced 

by photolysis of a bulk pressure of the precursor close to the wheel.  This pressure must be 

low enough to ensure single-collision conditions.  This approach generally produces 

radicals without a well-defined initial velocity and with a broad distribution of speeds and 

internal states.  This range of initial states may be advantageous, however, as it allows 

investigation of scattering from higher-energy initial states, although the dynamical 

information will be convoluted over the initial distributions. 

The methods of detection of the scattered products can be broadly split into two 

categories: mass spectrometry and laser spectroscopy.  Mass spectrometry (MS) yields 

well-resolved information on the translational energy of the products.  It is often paired 

with an incident molecular beam in a configuration where the angles of incidence, i 

(conventionally defined relative to the surface normal), and detection, f, are controlled 

and the velocity distributions of scattered products are obtained by the time-of-flight 

method (Figure 2).  Detection by laser spectroscopy, by contrast, provides product 

internal-state distributions and, in some cases, translational energy information, although 

usually with more limited resolution.  Spectroscopic techniques include laser-induced 

fluorescence (LIF) to detect I2
29, OH30, and NO31; infrared (IR) absorption to detect HF32 

and CO2
7; and resonance-enhanced multiphoton ionization (REMPI) to detect NO33. 
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Simple Models and Theoretical Approaches 

 

Experiments are unable to resolve the individual atomic interactions that sum to 

produce a gas-liquid scattering event.  Thus, gas-liquid scattering experiments benefit 

greatly from efforts to understand and model these phenomena with simulations.  Although 

most applicable to gas-phase scattering, the hard-sphere binary-collision model (Equation 

1) is often invoked to rationalize qualitative trends that are commonly observed in gas-

liquid scattering experiments.34  The loss of kinetic energy, E = Ef − Ei, is a single-valued 

function of the deflection angle,  = 180° − (f  + i), and is parametrically dependent on 

the ratio, , of the mass of the projectile to the effective mass of the surface, as well as the 

gas-surface interaction potential, V, and the liquid surface temperature, Tliq.  For example, 

the hard-sphere model predicts efficient energy transfer for heavy atoms or molecules that 

are incident on low-density liquids, especially for low-impact parameter (head-on) 

collisions between the projectile and a collection of atoms in the liquid-vacuum interfacial 

 
Figure 2:  Schematic diagram of a hyperthermal molecular beam experiment with mass spectrometric 

detection3.  Shown are the laser detonation source of high-velocity (hyperthermal) atomic oxygen, 

synchronized chopper wheel for velocity selection of the beam pulse, continually refreshed liquid surface, 

and rotatable mass spectrometer detector. 
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region.35  In many cases, a soft-sphere variant of the hard-sphere model (Equation 2), 

which accounts for the flow of translational energy into internal modes of the scattered 

species and the localized region of the surface where the collision occurs, provides a better 

description of average fractional energy transfer data.36  This soft-sphere model has been 

used for high-energy projectiles, where the gas-surface interaction potential and thermal 

motion of the surface may be neglected.  In particular, the soft-sphere model gave improved 

agreement with experimental energy transfer for hyperthermal O(3P) and Ar scattering on 

squalane, PFPE, alkylthiol SAMs (H-SAMs), and fully fluorinated alkylthiol SAMs (F-

SAMs).36  Equations 1 and 2 represent the hard-sphere and soft-sphere models, 

respectively: 

(1) 

(
Δ𝐸

𝐸𝑖

)
𝐻𝑆

=
𝐸𝑖 − 𝐸𝑓

𝐸𝑖

≈
2𝜇

(1 + 𝜇)2
[1 +

𝑉 − 2𝑅𝑇𝑙𝑖𝑞

𝐸𝑖

] × 

[1 + 𝜇 sin(𝜒)2 − cos(𝜒) √1 − 𝜇2 sin(𝜒)2] 

(2) 

(
Δ𝐸

𝐸𝑖

)
𝑆𝑆

=
𝐸𝑖 − 𝐸𝑓

𝐸𝑖

≈
2𝜇

(1 + 𝜇)2
[1 +

𝑉 − 2𝑅𝑇𝑙𝑖𝑞

𝐸𝑖

] × 

[1 + 𝜇 sin(𝜒)2 − cos(𝜒) √1 − 𝜇2 sin(𝜒)2 − (
𝐸𝑖𝑛𝑡

𝐸𝑖

) (𝜇 + 1) + (
𝐸𝑖𝑛𝑡

𝐸𝑖

) (
𝜇 + 1

2𝜇
)] 

The washboard with moment of inertia (WBMI) model represents surface 

corrugation as a one-dimensional sinusoidal function and can easily be made to account 

for multiple collisions in the interfacial region.  Although WBMI calculations are not 

intended for quantitative comparison with experimental data, they do reproduce the 

bimodal scattering distributions that are often observed in gas-surface scattering 

experiments.37  However, WBMI calculations also predict that the effective surface mass 
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of a more floppy liquid (or SAM) is lower than that of a stiffer surface, in contradiction to 

what has been derived using the soft-sphere model.36 

Both united-atom and all-atom classical molecular dynamics (MD) simulations can 

be used to compute the structure and dynamics of liquid surfaces by equilibrating vacuum-

liquid-vacuum slab structures under periodic boundary conditions (Figure 3).  The MD 

equilibrated vacuum-liquid interface can then be used to estimate which atoms are 

geometrically accessible to a gas-phase projectile by applying accessible surface area or 

line of sight calculations.3, 38  Classical MD can also be used to directly simulate 

nonreactive gas-liquid scattering trajectories39-42 with an accuracy that can be improved by 

fitting force field parameters to high-level quantum calculations.43-46 

The realistic simulation of gas-liquid scattering trajectories that allow for reactive 

events (bond forming, bond breaking, electron transfer, etc.) is much more challenging.  

Such simulation requires the application of quantum mechanics (QM) in “on-the-fly” direct 

dynamics methods, where successive electronic structure calculations of the energies and 

forces steer the gas-liquid motion.47  Computational limitations associated with these 

quantum Born-Oppenheimer direct dynamics calculations often motivate decisions to 

approximate the liquid as a molecular cluster48 or to adopt hybrid QM/MM (quantum 

mechanics/molecular mechanics) schemes, where the gas-liquid system is partitioned into 

regions treated classically or with QM.49-55 
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Figure 3:  The vacuum-liquid interface of squalane as predicted by classical molecular dynamics simulations.  The 

image renders the unit cell of a vacuum-liquid-vacuum structure equilibrated for 4 ns at 323 K under periodic boundary 

conditions.  Blue lines trace the 10.0  9.3  18.3-nm unit cell boundary containing 640 molecules of squalane (58,880 

atoms).  Parameters from the all-atom variant of the optimized potentials for liquid simulations (OPLS-AA) force field 

were used to describe all bonded and nonbonded interactions in the liquid.  All other atoms in the liquid slab are rendered 

as gray points. 
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Fundamental Dynamics of Interfacial Collisions 

 

 

Nonreactive Gas-Surface Interactions 

 

Nonreactive systems have revealed a great deal about the fundamental scattering 

dynamics of gas-liquid interfacial collisions.  In fact, early work using molecular beams of 

inert gases provided the basic foundation for the development of the field1, 5, 20, 39, 56-59.  

These early studies have been previously reviewed35, so we summarize here only the key 

results that are relevant to all interfacial processes.  The velocity distributions of the 

scattered products are found to be well described empirically as the sum of two 

components.  One component corresponds to fast-recoiling products that scatter in a narrow 

angular distribution at near-specular angles, with final translational energies that are 

superthermal and that depend on the incident energy.  The other component is distributed 

in a cosine distribution around the surface normal and possesses much lower translational 

energies, resembling a Maxwell-Boltzmann (MB) distribution with a temperature close to 

that of the liquid surface.  Figure 4 shows a typical time-of-flight distribution illustrating 

this bimodal behavior.  This behavior has been explained as the result of two distinct 

projectile-surface interactions: impulsive scattering (IS) and thermal desorption (TD).  

These concepts have been borrowed from studies on gas-solid dynamics.60  According to 

this distinction, atoms or molecules that scatter with IS trajectories collide with the surface 

once (or a few times at most) and scatter with relatively high, unaccommodated speeds.  

There is generally little additional energy transfer to the surface beyond that resulting from 

a gas phase-like inelastic collision with a localized region of the surface.  In contrast, TD 

scattering involves more extended interactions with the surface, promoting exchange of 
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energy and resulting in an apparently thermalized distribution of products.  The IS and TD 

labels have been successfully applied to categorize the bimodal behavior of most gas-liquid 

systems, including reactive scattering (of which an early example is shown in Figure 4), 

so they have become part of the common vocabulary of the field.  Although the IS/TD 

dichotomy is undoubtedly a very useful phenomenological tool for characterizing 

experimental observations, care should be exercised not to overinterpret this simple picture 

of two limiting cases, as we discuss further below. 

 

 
Figure 4:  A representative time-of-flight distribution (also known as a TOF distribution, number density 

distribution, or N(t)) for reactively scattered HCl produced by directing a beam of Cl atoms with an 

average incident energy of 〈𝐸𝑖〉 = 118 kJ mol-1 at the liquid-vacuum interface of squalane.  The incident 

and final angles, with respect to the surface normal, were θi = 60° and θf = 45°, respectively.  Experimental 

data is shown as yellow circles.  The slow peak in the experimental TOF distribution is associated with a 

Langmuir-Hinshelwood (LH) scattering mechanism and is fit with a TOF distribution that is consistent 

with a Maxwell-Boltzmann velocity distribution at the temperature of the liquid surface (solid red line).  

Trapping desorption (TD) is the nonreactive equivalent of LH scattering although it is common to use 

TD for both reactive and nonreactive scattering.  The fast peak in the experimental TOF distribution is 

associated with an Eley-Rideal (ER) scattering mechanism and is isolated by subtracting the LH 

component from the total experimental TOF distribution.  Impulsive scattering (IS) is the nonreactive 

equivalent of ER scattering although it is common to use IS for both reactive and nonreactive scattering.  

The data in this figures was originally published by Garton et al.9 
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Further useful concepts have emerged from early molecular beam studies. Energy 

transfer to the surface depends on the collision energy, the angle of incidence, and the 

masses of both the gas-phase projectile and the localized region of the liquid surface that 

participates in the collision.  It is generally largest for head-on collisions that lead to 

backward-scattered products and least for grazing collisions.  Kinematic models of 

scattering (Equations 1 and 2) yield an effective surface mass that decreases with incident 

energy because the timescale of the collision is shorter and fewer surface atoms move 

cooperatively.  A fluorocarbon such as PFPE, with its heavy CFx groups and dense 

structure, absorbs less energy than does a hydrocarbon such as squalane5, 61-63, whose 

aliphatic chains form a soft surface33 that promotes a large transfer of momentum.  

However, recent experiments and simulations using the soft-sphere model (Equation 2) of 

scattering of oxygen and argon atoms from liquid and SAM surfaces have found that the 

effective surface mass is greater for softer hydrocarbon surfaces.36  This apparently 

counterintuitive result is explained by the fact that more atoms in the hydrocarbon 

participate in the interaction, so the projectile’s energy is dissipated more easily into the 

surface.  In general, these collisions should be viewed not as local encounters with single 

CHx or CFx groups, but rather as interactions with many atoms that are coupled through 

vibrational motion. 

Another useful general concept that has emerged is that of surface roughness.  

Fluctuations of liquid surfaces occur on a wide range of length scales, from the 

macroscopic, where they are meaningfully described as sinusoidal capillary waves, to the 

molecular.20, 64  The shortest wavelength motions, which are most relevant to the scattering 
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of molecular projectiles, are rapidly damped by viscosity and can be considered as 

transitory distortions of the local molecular arrangement.  A rough surface promotes 

multiple-bounce collisions, facilitating energy transfer and resulting in a larger TD fraction 

and more out-of-plane scattering events.  Thermal roughening of PFPE surfaces was 

demonstrated by scattering different projectiles at multiple temperatures.1, 20  As the 

temperature increases, thermal motion generates a less densely packed surface that is 

microscopically rougher, as later MD simulations have shown.65 

A complete picture of the scattering dynamics requires knowledge of the distributions 

of both the internal energy and the velocity of the scattered products.  Thus, spectroscopic 

detection methods complement time-of-flight methods.  Early studies of NO scattering 

from SAMs using REMPI detection found significant translational-to-rotational energy 

transfer for IS collisions.33, 66  The first experiments with spectroscopic detection that 

involved a true liquid surface used LIF to investigate the scattering of I2 from polymers 

(PFPE and polydimethylsiloxane) and from squalane.29, 61, 67  In all cases, the TD fraction 

was rotationally and vibrationally warmer than the incident I2, and there was evidence for 

weak translational-to-rotational energy transfer in the IS channel.  More recently, IR 

spectroscopy was employed to study the inelastic scattering of a rotationally cold beam of 

CO2 from liquid surfaces in an extensive series of papers by Nesbitt and coworkers.7, 62, 68-

73  The trends in energy transfer with different liquid surfaces62 and with different angles68, 

collision energies, and liquid temperatures70 were in qualitative agreement with other 

inelastic scattering experiments.  Polarization-modulated IR spectroscopy was used to 

investigate orientation and alignment effects on the collisions71, 73, indicating a strong 
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tendency for forward end-over-end tumbling of the scattered CO2 molecules as a result of 

the corrugated structure of the surface, which promotes impulsive torques. 

The CO2 rotational distributions were strongly bimodal (Figure 5) and were described 

by the two-temperature Boltzmann model in the following equation: 

(3) 
𝑃(𝑁)

2𝐽 + 1
= 𝐶 [(

𝛼

𝑇1
) 𝑒

−
𝐸𝑟𝑜𝑡(𝑁)

𝑘𝐵𝑇1 + (
1 − 𝛼

𝑇2
) 𝑒

−
𝐸𝑟𝑜𝑡(𝑁)

𝑘𝐵𝑇2 ] 

In this model, the cold temperature T1 is assigned to the TD component and, in the work of 

Nesbitt and coworkers, constrained to 300 K, whereas the hot temperature T2 is assigned 

to the IS component.  The TD fraction α has been interpreted by Nesbitt and coworkers as 

the fraction of incident molecules that become thermalized with the surface.  In addition, 

the Doppler-resolved absorption profiles in the direction perpendicular to the surface 

normal for each rotational state were fitted to a sum of IS and TD contributions.  Although 

this approach lacks the high translational resolution of a time-of-flight experiment, it 

indicates a correlation between the component of translational energy parallel to the surface 

and the rotational energy in the scattered CO2.  The values of the translational and rotational 

temperatures for the IS channel were similar, supporting the IS/TD model.  Although there 

was clear accommodation of translational and rotational energy on the surface, vibrational 

energy transfer was not so efficient.  It was suggested that the timescale of the interaction 

is too short to allow for efficient vibrational accommodation.  Consistent with these 

observations, simulations of CO2 scattering from perfluorinated SAMs found no significant 

vibrational excitation of CO2
46, 74 and inefficient relaxation of its excited bending mode.75 
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It should be emphasized that there is no a priori reason to expect the IS rotational 

distribution to be described by a single temperature when it arises from a nonequilibrium 

process involving single or just a few collisions.  Theoretical studies of CO2 collisions with 

F-SAMs classified direct trajectories as those that included both single and multiple 

collisions, and the TD fraction α obtained from two-temperature rotational fittings did not 

match the fraction of physisorption trajectories.46  Related studies of inert gases colliding 

with H-SAMs43, 76-78 and squalane42 further confounded the distinction between IS and TD, 

as they showed that single-collision products could be characterized by Maxwell--

Boltzmann distributions.  It is clear that to fully describe the interfacial dynamics at the 

microscopic level, one needs to go beyond the simple two-channel IS/TD model.  Inelastic 

scattering of OH radicals from hydrocarbon and polymer surfaces strengthened this 

argument63, 79-80.  The translationally hot but rotationally near-thermal OH produced by 

 
Figure 5:  Standard Boltzmann analysis of the J state populations of CO2 molecules that scatter 

inelastically from PFPE at normal incidence with 〈𝐸𝑖〉 = 10.6 kcal mol-1.  Abbreviations: Trot, rotational 

temperature; IS, impulsive scattering; PFPE, perfluoropolyether; TD, thermal desorption; A: integrated 

absorbance over a given spectral peak; SJ, Hönl-London factor.  Figure adapted from Perkins et al.7  
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HONO photolysis scattered with at least partial IS characteristics.  Product rotational 

distributions could be fitted to a single rotational temperature that was higher than the 

incident value, suggesting translational-to-rotational energy conversion in impulsive 

collisions at the surface.  This result was supported by simulations of scattering from F-

SAMs.81  Rotational temperatures and the component of translationally slower products 

that could be associated with a TD fraction were consistent with trends in surface stiffness.  

Further experiments were performed by changing the OH precursor to allyl alcohol.  This 

generates OH radicals with much higher rotational energy, so the distinction between IS 

and TD channels should be clearer.  Although the two-temperature model (Equation 3) 

could be fitted to the product rotational distributions, it yielded values of α that were in 

strong disagreement with the TD fractions inferred from translational energy distributions.  

These results cast doubt on the interpretation of α as a simple and direct measure of the TD 

fraction. 

 

Reactive Scattering Systems 

 

Interfacial gas-liquid reactions present added complexity relative to their gas-phase 

counterparts because the nascent products can accommodate their energy (either partially 

or totally) at the surface.  The basic IS/TD characteristics of interfacial scattering are still 

present32, 82-83, but in addition, the reaction dynamics generally affect the energies of the 

products.  Many of the experimental studies to date have focused on hydrogen abstraction 

reactions from liquid hydrocarbons, of which the interfacial O(3P) + squalane reaction is 

perhaps the most extensively characterized example.  Molecular beam experiments with 

MS detection by Minton and coworkers8-9, 82, 84 demonstrated that the major product is OH, 
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analogous to gas-phase reactions with small hydrocarbons.85  OH scatters in two distinct 

velocity distributions, consistent with the IS/TD model for inelastic scattering systems.  

Borrowing terminology from conventional surface science, the direct gas-surface reaction 

(IS) may be referred to as an Eley-Rideal (ER) reaction, whereas the indirect reaction that 

leads to thermally desorbed OH would be referred to as a Langmuir-Hinshelwood (LH) 

reaction.34  TD (or LH) OH products might, in principle, arise from the reaction of 

thermally accommodated O with a C-H moiety on the surface or through the thermal 

accommodation of a nascent OH after it has been formed in an ER reaction.  The OH 

product, whether produced via an ER or an LH reaction, may abstract a second H atom to 

form H2O.  Depending on the sequence of collisions, the H2O product exits the surface 

with either thermal or superthermal translational energies; both are found in practice 

(Figure 6).  Given the complexity of the interactions that lead to H2O, it is not surprising 

that the H2O products scatter with a substantially larger contribution from TD scattering 

than do the OH products.  The observation of a significant yield of nonthermal H2O 

production is a rare example of a two-step ER reaction.  A kinematic analysis of the IS 

component of OH using the soft-sphere model (see Section 2.2) yielded an effective surface 

mass of approximately 76 amu for squalane when the incident O-atom energy was 47 kJ 

mol-1 and approximately 43 amu when it was 504 kJ mol-1.8-9  In a similar study, interfacial 

H abstraction by Cl to form HCl was found to exhibit very similar reaction dynamics.9  

Backward and sideways scattering in the center-of-mass (c.m.) frame was favored for both 

H abstraction reactions, in contrast with the analogous gas-phase reactions.  This was 

explained as an unavoidable consequence of the geometrical constraint imposed by the 
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surface.  At high c.m. collision energies (451-472 kJ mol-1), additional reaction channels 

are open, and the C-C bond breakage product, CH3O, is observed to scatter from the 

surface84 through ER and TD mechanisms.  Related theoretical studies, which corroborate 

the experimental observations and conclusions50-51, suggest that an H-atom elimination 

reaction should also be significant, but the experiments were not sensitive enough to detect 

the predicted H-atom products. 

 

The information derived from the molecular beam experiments was complemented 

by LIF detection of OH. The bulk photolytic method used to generate O(3P) produces lower 

(but still superthermal) collision energies.6, 30, 65, 86-87  The translational energy resolution is 

also more limited; nevertheless, simulation of the OH appearance profiles (yield as a 

function of delay between photolysis and probe laser pulses) showed conclusively that 

there must be a significant IS component.86  The presence of both IS and TD components 

 
Figure 6:  Plot of the distribution of scattered H2O flux as a function of final energy and angle following 

the reaction of O(3P) with a squalane surface with 〈𝐸𝑖〉 = 504 kJ mol-1.  The incident angle was θi = 60°, 

and the products were detected over a range of final angles, θf, from 0° to 80°.  All angles are in the same 

plane and are defined with respect to the surface normal, with the incident and final angles being on 

opposite sides of the surface normal.  Both thermal and nonthermal distributions are evident.  The thermal 

distribution has a high intensity over a narrow range of low final energies, and it has been cropped.  This 

figure was originally published by Zhang et al.8 
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was confirmed more incisively by the rotational distributions.  The overall distribution was 

described by a single Boltzmann temperature that was above the liquid temperature but 

lower than that from the analogous direct gas-phase processes.88  This suggests that not all 

products are IS and that there was a significant TD contribution, although the IS and TD 

temperature values were too similar to yield a clear two-temperature fit.  More refined 

measurements showed a clear correlation between translational and rotational energy of 

the products, with different values of rotational temperature Trot at different points of the 

appearance profile (Figure 7).  Trot is superthermal and IS-like in the rising edge of the 

profiles, becoming close to the surface temperature at later delays.6  Moreover, the fact 

 
Figure 7:  Appearance profile of OH (v = 0) from the O(3P) + squalane reaction, measured on the Q1(1) 

transition of the A--X (1,0) band.  Values of OH rotational temperature Trot are shown for the rising edge 

(6 μs) and peak (11 μs) of the appearance profiles, at surface temperatures of 273 K (blue) and 343 K 

(red).  Figure adapted from Köhler et al.6 
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that the liquid temperature affects Trot only at later delays is additional strong evidence for 

a TD component contributing increasingly in the tail of the profile. 

The LIF experiments found a significant fraction of OH in its first vibrationally 

excited level (v = 1) that, by analogy with gas-phase reactions88, must result from reaction 

at secondary and tertiary hydrocarbon sites on the surface.  MD simulations showed that 

such sites are accessible, despite the slight preference for methyl groups to protrude toward 

the vacuum.38, 51  The OH vibrational branching ratio was lower than had been observed in 

gas-phase experiments with smaller hydrocarbons86, although reproducibility of absolute 

vibrational branching ratios in independent experiments is notoriously difficult even in the 

gas phase.85  Another observation, less dependent on external comparisons, was that the 

yield of OH (v = 1) was strongly sensitive to surface temperature, as opposed to OH (v = 

0), which was essentially independent.65  It was argued that vibrationally excited OH has a 

liquid temperature-dependent survival (rather than production) probability, and that the 

loss mechanism is collisional relaxation rather than vibrationally enhanced secondary 

reaction.  The increase in temperature causes the surface of squalane to be more open, as 

demonstrated in MD simulations, potentially enhancing the fraction of unreactive surface 

encounters (survival probability or σ) of OH (v = 1).65  Importantly, the lack of liquid 

temperature dependence in the yield of the majority OH (v = 0) product precludes a 

significant contribution from the LH reaction of thermally accommodated O atoms as the 

source of TD OH, which could not be ruled out from the earlier molecular beam scattering 

experiments. 
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Inelastic scattering of OH from different liquids offered further insights into its loss 

mechanisms at the surface.63, 79-80  The fraction of surface encounters that lead to reaction 

(reactive uptake coefficient or γ = 1 - σ) is larger for OH scattering from the unsaturated 

liquid squalene compared to the fully saturated squalane.  Experiments with HONO 

photolysis79 found γ(squalane) = 0.30 ± 0.08 and γ(squalene) = 0.39 ± 0.07, in agreement 

with independent studies of uptake on squalane droplets89 and other related measurements 

for thermal OH on hydrocarbon surfaces.90-93  Moreover, the fraction of scattered OH 

missing from squalene was the slower-moving component.79-80  OH that thermalizes at the 

surface of squalane is at least partially inhibited from abstracting a second hydrogen, owing 

to the 3-10 kJ mol-1 reaction barriers94, and therefore has a reasonable probability of 

surviving and scattering with TD characteristics.  On the squalene surface, in contrast, there 

is an additional mechanism for loss of thermalized OH by addition to unsaturated sites, 

which is a barrierless reaction.95 

In O/OH + saturated hydrocarbon systems, the chemical energy released into the 

reaction products is lower than the collision energy, so the latter dominates the scattering 

dynamics.  The effect of reaction energetics on the interfacial dynamics is best observed in 

the opposite situation, that is, highly exoergic reactions at low collision energies. F + 

squalane, O(1D) + squalane, and O(3P) + squalene are examples of such reactions.  In the 

gas phase, F + hydrocarbon reactions give rise to HF products with high translational and 

internal energies.  In the F + squalane reaction, both experiments and related simulations32, 

52, 96-97 have found a fraction of hot products, in agreement with the gas-phase results, but 

also a component of rotationally and translationally cold products, indicating 
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accommodation at the surface.  However, the vibrational energy of the nascent HF is not 

accommodated efficiently.  The situation is similar for the O(1D) + squalane83 and O(3P) + 

squalene98 reactions studied by McKendrick and coworkers: Rotationally hot OH is 

produced in analogous gas-phase reactions, owing to reaction by an insertion mechanism 

[in the O(1D) + squalane reaction] or to higher available energy on breaking allylic C-H 

bonds [in the O(3P) + squalene reaction].  In both cases, LIF experiments found bimodal 

rotational distributions with a cold component resulting from secondary encounters with 

the surface.  In addition, the O(3P) + squalene reaction produces a lower yield of OH than 

the O(3P) + squalane reaction, despite the former’s greater exothermicity.  This is further 

evidence of the presence of unsaturated groups at the surface of squalene, as discussed 

above.  Addition to double bonds competes effectively with the direct abstraction reaction 

by diminishing the observable yield of the OH-producing channel, a process consistent 

with related observations in reactions with gas-phase alkenes.99-103 

Scattering dynamics have also been used to study proton exchange and solvation 

when reactive atoms and molecules impinge on polar and nonpolar liquids and solutions.  

In these studies, hydrogen/deuterium isotopic labeling is useful in resolving elementary 

acid-base events between the projectile and the liquid.  Hydrogen halides can scatter 

impulsively or undergo trapping at a liquid surface.  Trapped HX or DX can desorb from 

the liquid interface without proton exchange, undergo rapid interfacial proton exchange 

followed by desorption, or succumb to solvation as dissociated ions in the bulk.  On 

glycerol, the majority of incident HBr and HCl molecules, with incident energies of up to 

100 kJ mol-1, are trapped (at least momentarily) at the liquid-vacuum interface.104-105  
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However, whereas all trapped DBr is observed to undergo bulk solvation, trapped DCl may 

desorb without exchange, desorb with exchange, or dissolve into the bulk.104-105  Relative 

to pure glycerol, solutions containing NaI and CaI2 slightly increase the peak translational 

energy of IS, inhibit DCl trapping at high collision energies, and promote trapping-

desorption and trapping-exchange-desorption at the expense of trapping-solvation.  These 

observations suggest that NaI, CaI2, and NaBr make the glycerol surface mechanically 

stiffer and smoother, and it is hypothesized that these salts modulate the post-trapping 

pathways of DCl by decreasing the availability of the glycerol hydroxyl groups that 

promote DCl dissociation and H+/D+ transport.23, 106-107  Like NaI, CaI2, and NaBr, glycerol 

solutions of the ionic surfactant tetrahexylammonium bromide (THABr) also promote DCl 

trapping-desorption and trapping-exchange-desorption at the expense of trapping-

solvation.  Glycerol solutions of THABr influence the post-trapping pathways of DCl in a 

manner similar to NaBr, but at much lower concentrations.  This suggests that the cation--

liquid interaction is not essential in enhancing trapping-desorption and trapping-exchange-

desorption at the expense of trapping-solvation-desorption.  However, a reduction of IS 

suggests that glycerol solutions of THABr make the vacuum-liquid interface mechanically 

softer and rougher.108-109  In contrast to the above salts, KF solutions in glycerol are 

observed to inhibit post-trapping desorption and exchange-desorption by scavenging 

interfacial DCl to produce HF and DF.110  Comparing cold LiBr-D2O solutions with NaBr-

glycerol solutions, LiBr-D2O reduces DCl trapping-desorption, blocks trapping-exchange-

desorption, and promotes trapping-solvation.  These data imply that cold salty water is 
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more effective at drawing interfacial ions into the bulk, which is likely the result of superior 

H+/D+ transport and longer trapping time at the cold liquid surface.111 

In an innovative application of atomic beam-liquid scattering, the ionization of Na 

atoms on the protic liquid, glycerol, was used to form solvated electrons near the liquid-

vacuum interface.4, 48  The solvated electrons induced a number of reactions that were 

identified through the use of selective deuteration of glycerol (Figure 8).  Scattered Na 

atoms were observed in addition to desorbed reaction products. The time-of-flight 

distributions of Na atoms showed only an IS component, indicating that all trapped Na 

atoms failed to desorb from the liquid.4  Supporting ab initio MD simulations48 suggested 

that this irreversible trapping is because of Na ionization, which would be expected to 

produce solvated electrons near the vacuum-liquid interface. These simulations also 

identify glycerol hydroxyl group reorientation toward the Na atom as being important in 

promoting Na ionization.48  The volatile reactive products observed in the experiment 

(Figure 8) exited the glycerol surface with a Maxwell-Boltzmann velocity distribution 

characterized by the surface temperature.  A particularly surprising result from this study 

was the observation of H atoms, which demonstrated that electron-induced dissociation of 

O-H bonds produced H atoms.  Desorption of these H atoms competes with their reaction 

in the bulk because they are formed very close to the liquid-vacuum interface.  In contrast 

to methods that generate solvated electrons with high-energy radiation or electrons, the 

gentle molecular beam deposition of Na atoms prevents the creation of high-energy 

excitations, allowing the study of a wide range of chemical events that are induced by 

solvated electrons formed with thermal energies at the liquid-vacuum interface. 
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Collisions as an Analytical Probe of Surfaces 

 

 

It is undeniable that the field of interfacial collision dynamics has advanced greatly 

in the past two decades, but its potential goes beyond the purely mechanistic studies 

discussed above. Now that the fundamental dynamics of a significant range of gas--liquid 

processes are well known and characterized, this knowledge can be used to interrogate the 

surfaces of liquids. Of particular interest are typically heterogeneous surfaces where 

surface composition and structure might bear on real-world applications yet might not be 

easily probed by more conventional methods. Scattering of gas-phase species can yield 

information on the preferential orientation of molecules at the surface and, in the more 

complex case of mixtures and solutions, can reveal and potentially quantify which 

components are exposed at the surface. 

 
Figure 8:  Schematic diagram of reactive pathways that occur following the effusive molecular beam 

deposition of sodium atoms at the vacuum-liquid interface of glycerol.  These pathways where 

determined by the mass spectrometric detection of reaction products using three isotopologues of 

glycerol.  Although two pathways are believed to contribute to the formation and desorption of water, 

only the pathway involving OD− is shown.  Figure adapted from Alexander el al.4 
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Studies of Surface Structure of Pure Molecular Liquids 

 

The first observations of surface structural effects on scattering dynamics were made 

by Donaldson and coworkers112 on the inelastic scattering of I2 from the surface of 4-cyano-

4ʹ-pentylbiphenyl (5CB), a thermotropic liquid crystal. LIF detection showed substantial 

internal excitation in the TD fraction as a result of multiple encounters with the surface.  

Interestingly, there were important dynamical differences between the isotropic and 

nematic phases of 5CB.  In the isotropic phase, the molecules are disordered and the 

internal energy distribution of the scattered I2 resembled that from other organic liquids.29, 

61, 67  The nematic liquid, in contrast, induced a higher degree of accommodation that 

depended on the direction of incidence with respect to the alignment director.  I2 molecules 

approaching perpendicular to the director became more internally excited as a consequence 

of the surface being rougher at the microscopic level. 

Another early example can be found in the study of the reactions between O(3P) and 

liquid linear alkanes carried out by McKendrick and coworkers.113  The barriers for 

abstraction of primary, secondary, and tertiary H atoms differ considerably.88  At the 

collision energies employed, this gives rise to different reaction probabilities for each C--

H bond type, with the yield of OH increasing in the order 1° < 2° < 3°. The experiment 

found strong variations in the yield of OH with the length of the alkane molecule. This was 

interpreted as being the result of different degrees of supramolecular ordering of the chains 

at temperatures just above the respective melting points. This surface freezing effect, 

known from earlier independent studies114, aligns the molecules perpendicular to the 

surface in a shallow interfacial region, preferentially exposing their primary groups and 
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therefore lowering their reactivity. Surface freezing was enhanced for shorter-chain alkanes 

when they were studied at lower temperatures. 

Although the discovery of these structural effects on the dynamics was somewhat 

accidental, their potential for studying surface compositions was quickly realized. The next 

section discusses examples of dynamical studies applied to the surface analysis of complex 

systems, such as solutions and ionic liquids. 

 

Studies of Surface Composition of Mixtures and Ionic Liquids 

 

Atom- or molecule-surface scattering pathways at the liquid-vacuum interface 

typically involve only the atoms in the first few atomic layers of the interface.  IS is 

particularly surface specific.  High translational energies, specular angular distributions, 

and reductions in energy transfer with increasing incident angle imply that IS projectiles 

undergo one or few collisions with the outermost atoms of the interface.  For example, 

hyperthermal Ar scattering experiments on glycerol solutions of 2.6 M NaI, 2.6 M KI, 2.5 

M LiI, 2.7 M NaBr, and 1.3 M CaI2 all show an increase in the flux and average energy of 

IS Ar leaving the liquid surface relative to pure glycerol.23, 106-107  This increased flux is 

consistent with the formation of a smoother, stiffer interface, likely owing to OH 

interactions with ions in the interfacial region.  The increased average energy of IS Ar is 

consistent with an increase in the effective surface mass produced by the presence of 

relatively massive ions in the interface layer.  Taken together, Ar scattering from alkali and 

alkaline halides in glycerol suggests that these salts produce ions that occupy the vacuum-

liquid interface. 
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Additional information on the surface composition of glycerol salt solutions can be 

provided by hyperthermal CO2 scattering experiments.  These studies show that the high-

energy component of the scattered CO2 rotational distribution is enhanced for 2.5 M NaI 

in glycerol relative to pure glycerol.  Furthermore, these high-energy rotational states were 

observed to be sensitive to anion identity (Cl− versus I−) but not cation identity (K+ versus 

Na+).115  If it is assumed that cations and anions influence the structure of the interface 

equally and that the observed rotational distributions are equally sensitive to surface-

accessible cations and anions, these results suggest that the anions dominate the outermost 

region of the liquid surface. 

In many cases, post-trapping pathways that do not involve solvation into the bulk have 

a very small penetration depth and are highly surface specific. By measuring the residence 

times of products exiting the liquid surface and taking into account diffusion into and out 

of the liquid, Nathanson and coworkers23, 110 estimated the maximum depth that products 

could have penetrated before scattering through trapping-desorption or trapping-exchange-

desorption pathways. For example, HCl that scatters through a trapping-exchange-

desorption pathway (releasing DCl) from the surface of 0.5 M KF in glycerol diffuse on 

average 10 Å or less from its trapping site before exiting the liquid. The detection of DF 

produced by the reaction of F− with near-interfacial DCl provides evidence that F− can 

access this region of the interface.110 

Although trapping-solvation-desorption pathways are associated with long residence 

times in the liquid bulk, they may be gated by events at the vacuum-liquid interface that 

are directly related to surface composition.  For example, butanol packs loosely on the 
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surface of 60, 64, and 68 wt% D2SO4 at bulk concentrations below 0.18 M and promotes 

HCl to DCl exchange via trapping-solvation-desorption pathways.116  In 60 wt% D2SO4, 

HCl to DCl exchange is observed to increase with butanol concentration in a manner that 

correlates with surface tension measurements of interfacial butanol concentration. This 

HCl to DCl exchange enhancement is too large to originate from bulk dilution and was not 

observed for two different concentrations of sodium 1-butane-sulfonate (SBS) on 60 wt% 

D2SO4. Assuming that the surface structure and compositions are similar for SBS-D2SO4 

and butanol-D2SO4 solutions, these observations suggest that trapping-solvation-

desorption dynamics are sensitive to the concentration of alcohol hydroxyl groups at the 

liquid--vacuum interface.116  Interestingly, similar studies on hexanol117 and 2-ethyl-

butanol118 show a transition from enhancement of HCl to DCl exchange to suppression 

with increasing alcohol concentration, as alkyl group packing more effectively blocks HCl 

from reaching the acid surface.119 

Recently, both inelastic and reactive scattering have been employed to characterize 

the surfaces of ionic liquids (ILs). These are low-temperature molten salts containing large 

organic cations and, usually, inorganic anions. Because of the growing interest in their 

industrial applications120 and the potential to fine-tune their surface composition, a great 

deal of experimental effort has been directed at understanding the principles that govern IL 

surfaces.121-122  The atomic and molecular scattering experiments reviewed below 

constitute only one of the multiple surface analysis techniques that have been employed to 

understand the surface composition and structure of ILs. 
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In principle, the surface composition of an ionic liquid can be controlled by varying 

the choice of cation and anion, usually by changing the proportion of nonpolar groups with 

respect to the polar parts of the ion pair.  A great deal of experimental effort has been 

directed toward characterizing the relationship between surface and bulk compositions, and 

each experimental technique has its own strengths and disadvantages.  Nonlinear 

spectroscopies such as sum-frequency generation and second harmonic generation123 are 

surface sensitive and provide information on the orientation of molecules, but they do not 

give quantitative information on surface composition.  Being sensitive to all parts of the 

interfacial region that lack the isotropy of the bulk, they probe to some extent the lower 

layers of multilayer structures and not only those exposed directly to vacuum.  Scattering 

techniques such as neutron reflectometry124, X-ray reflectivity125, angle-resolved X-ray 

photoelectron spectroscopy126, metastable atom--electron spectroscopy127, and ion 

scattering [e.g., low-energy ion scattering128, direct recoil spectrometry129, and Rutherford 

backscattering spectroscopy130] are sensitive to varying penetration depths, so the results 

of measurements with these techniques are typically convoluted with bulk information.  In 

addition, the interpretation of the results is not unambiguous and relies on theoretical 

models of scattering. 

Chemical structures of representative ILs are shown in Figure 9.  The majority of ILs 

studied to date via dynamical scattering experiments are based on the 1-alkyl-3-

methylimidazolium cation (abbreviated as [Cnmim], where n is the number of C atoms in 

the alkyl chain).  Alkyl chains in the cation are the main nonpolar component; 

consequently, alkyl coverage has been the focus of many surface analysis studies.126-127, 131-
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133  The main goal has been to accurately characterize the packing and orientation of the 

chains and to determine whether it is possible to attain an IL surface that is fully saturated 

in alkyl chains and therefore similar to a hydrocarbon surface. 

One way to probe alkyl chain coverage is by energy transfer in an inelastic scattering 

experiment. This has been demonstrated by Nesbitt and coworkers by scattering NO134 and 

CO2
54, 135 from [C4mim]+ ILs.  The chemical identity of the anion 

[bis(trifluoromethylsulfonyl)imide ([Tf2N]−), tetrafluoroborate ([BF4]−), or Cl−] was found 

to affect the values of the TD fraction and the internal energies of the scattered products. 

This result suggests, although somewhat indirectly, the presence of anions at the surface. 

Cationic alkyl groups provide broadly similar inelastic scattering dynamics to well-studied 

hydrocarbon liquids such as squalane.136  In contrast, scattering from charged ionic 

moieties has different inelastic dynamical features (usually they increase the stiffness of 

the surface). Different degrees of accommodation might arise from different fractions of 

 
Figure 9:  Chemical structures of some common ion pairs in room temperature ionic liquids, shown with 

their chemical names and abbreviations. 
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alkyl coverage, depending on anion identity. The TD fraction of inelastically scattered CO2 

also depends on alkyl chain length, indicating a change in surface composition with n.137 

The dependence of surface composition on chain length has been more incisively 

characterized by reaction with a chemically specific atomic probe.  The method, referred 

to as reactive atom scattering (RAS), provides the desired selectivity toward alkyl chains 

in addition to high surface specificity.  The production of scattered OH when O(3P) atoms 

bombard a surface indicates the exclusive reaction of an incident O atom with an H atom 

at the liquid-vacuum interface.3, 136, 138-140  Thus, the yield of OH in a RAS experiment is a 

quantitative measure of the hydrogen coverage of the surface.  This chemical selectivity 

can be further tuned by varying the energy of the O(3P) atoms.  As discussed above, O(3P) 

atoms resulting from NO2 photolysis give different sensitivities to different C-H bond 

types.  This means that O(3P) from bulk photolysis preferentially probes secondary H atoms 

in the alkyl chains over primary H atoms from terminal methyl groups.  The dependence 

of OH yield on C-H bond type has been experimentally corroborated by reactive scattering 

of O(3P) from deuterium-labeled SAMs.141  In contrast, O(3P) atoms with higher incidence 

energy, such as those in a hyperthermal beam source136, have much more similar reactivity 

toward H atoms in any chemical environment. 

Both hyperthermal molecular beam experiments employing O(3P) atoms and MS 

detection (RAS-MS)136 and bulk photolysis experiments that used O(3P) atoms paired with 

LIF (RAS-LIF)138-140 have demonstrated a propensity for the alkyl chains to orient 

themselves toward the vacuum phase.  Despite previous conclusions to the contrary based 

on other surface analytical methods127, 132, 142, the surface clearly does not become saturated 
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with alkyl chains even for the IL with the [C12mim] cation.  Further studies focusing on the 

effect of the anion on alkyl coverage3 showed that anions with smaller ionic volume pack 

more efficiently at the surface and allow for more alkyl chains to cover the surface.  MD 

simulations support all the experimental findings: Figure 10 demonstrates the predicted 

increase in alkyl surface coverage with either increasing alkyl chain length or decreasing 

anionic volume, in semiquantitative agreement with RAS-LIF measurements.  Thus, RAS 

has been shown to be an effective new tool to characterize liquid surfaces. 
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Figure 10:  Molecular dynamics simulations of the vacuum-liquid interface of nine ionic liquids: (a) 

[C4mim][Tf2N], (b) [C6mim][Tf2N], (c) [C8mim][Tf2N], (d) [C4mim][OTf], (e) [C6mim][OTf], (f) 

[C8mim][OTf], (g) [C4mim][BF4], (h) [C6mim][BF4], and (i) [C8mim][BF4].  Each image is the snapshot 

of the equilibrated vacuum-liquid interface as one looks down along surface normal.  Anions are shown 

in green.  Carbon and nitrogen atoms of the cation imidazolium ring are shown in purple.  Carbon atoms 

belonging to the methyl and alkyl substituents on the cation imidazolium ring are shown in blue.  

Hydrogen atoms are shown in white.  Figure adapted from Tesa-Serrate et al.3 
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Summary Points 

 

 

1. There are now well-established experimental methodologies to study inelastic and 

reactive scattering at the surfaces of low-vapor pressure liquids.  Spectroscopic and 

mass spectrometric (MS) methods of detection of nascent products provide 

complementary information that deepens the understanding of underlying 

mechanisms. 

2. Direct H-atom abstraction reactions from hydrocarbons and related liquids and 

proton exchange at the surfaces of protic liquids are the best understood classes of 

reaction. 

3. A pervasive observation is a combination of direct, gas phase-like scattering and 

more complex processes leading to extensive energy loss to the liquid surface.  At 

least empirically, translational and rotational product-state distributions can be 

fitted to binary combinations of impulsive scattering (IS) and thermal desorption 

(TD).  However, both experiment and theory warn against treating these limiting 

cases too literally. 

4. Both inelastic and reactive types of scattering are sensitive to the composition and 

structure of the outer layers of liquids, with excellent surface specificity.  This has 

been demonstrated for pure molecular liquids, for salty solutions, and especially for 

ionic liquids (ILs).  Reactive atom scattering (RAS) is particularly promising as a 

surface analytical probe because of its inherent chemical selectivity. 

5. Surface structures of liquids predicted through molecular dynamics (MD) 

simulations generally agree well with those inferred from experiments.  It is much 
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more demanding to simulate scattering dynamics successfully for nonreactive and 

reactive scattering. 

 

Future Issues 

 

 

1. The dynamics of collisions on water and other liquids with high vapor pressures 

are yet to be studied.  Vacuum-based analytical techniques have successfully been 

applied to water by using liquid microjets143-144 and microfluidic devices145.  These 

experimental approaches could potentially be adapted for gas-liquid scattering 

experiments.  Indeed, scattering and evaporation of inert gases from liquid 

hydrocarbon microjets have already been demonstrated146-147, although scattering 

from water microjets still presents challenges. 

2. Further developments to the methods available to interrogate the mechanisms of 

dynamical scattering can be anticipated.  These are likely to include new and more 

sophisticated imaging methods for detecting the scattered products.  For example, 

velocity-map imaging (VMI) with resonance-enhanced multiphoton ionization 

(REMPI) detection has recently been demonstrated for the related scattering of HCl 

from self-assembled monolayer (SAM) surfaces.148  This would both broaden the 

range of product species that can be detected spectroscopically and provide 

additional mechanistically diagnostic information about state-specific velocity 

distributions. 

3. In conjunction with improved detection methods, there is considerable scope for 

the range of inelastic and reactive scattering projectiles to be extended.  These 
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would both open up studies of distinct mechanistic classes of reaction and further 

the potential for reactive atom scattering (RAS) to be exploited as an analytical 

probe for the presence of different atoms and groups at a wider range of liquid 

surfaces. 

4. Advances in computational power and/or the efficiency of mixed quantum 

mechanics/molecular mechanics (QM/MM) scattering methods are necessary to 

make the comparison of experimental scattering results with theoretical predictions 

feasible on a more routine basis, particularly for reactive scattering.  Experiment 

currently leads theory significantly in this area.  
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PROBING CONFORMATIONAL HETEROGENEITY AT THE  

 

IONIC LIQUID-VACUUM INTERFACE BY  

 

REACTIVE ATOM SCATTERING 

 

 

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. 

 

Introduction 

 

 

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.149-154  Following the 

discovery of nanoscale structuring in the RTIL bulk155-159 and at interfaces,160-163 a broad 



61 

 

effort to characterize and understand the nature of this structuring was launched, in order 

to guide the design of RTILs with desired properties.121, 164  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.165-166 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 properties167-170 or reveal local 

contributions to collective properties of the fluctuating interface.171-174   

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.123, 175-177  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.128, 130, 178-179  Our own investigations of the RTIL-vacuum 

interface with the use of reactive-atom scattering have revealed general features of the 

interface through signatures in the scattering dynamics.3, 136, 180-181  Unlike studies of 
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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.   

 

Results and Discussion 

 

 

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

configured for beam-surface scattering studies, as described in previous publications.8, 182  

A pulsed beam of high-velocity F atoms was directed at the continually refreshed liquid-

vacuum interface of a [C4mim][Tf2N] isotopologue (Figure 1) at an incident angle θi.  For 

a given θi, a rotatable mass spectrometer was used to monitor F, HF, and DF products that 
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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 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 

 
 

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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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 Figure 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.181, 183  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 that the high exothermicity of the reaction 
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(~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 

 
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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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 Figure 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 

 
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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expected from stoichiometry (60%), and the yields from methyl and the ring are 

successively smaller than expected from stoichiometry (20% each). 

Figure 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 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 
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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 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 vacuum176 forming a 

nonpolar layer of alkyl groups above an ionic layer containing the positively charged 

imidazolium ring and charged portion of the anion.121  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 
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interface.178-179  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 Figure 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 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 
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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%
𝐼𝐼 + 𝐼𝐼𝐼

(𝐼 + 𝐼𝐼) + (𝐼𝐼 + 𝐼𝐼𝐼)
= 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.178-179, 184  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. 

The product angular distributions provide additional experimental information 

about interfacial structure.  The HF angular distributions in Figure 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, 
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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. 
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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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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 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 Figure 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 



74 

 

(SAM) interfaces.185-190  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 Figure 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 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 

(Figure 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 
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deduced from the experimental results are captured in the MD simulations, represented in 

the snapshots shown in Figure 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 Figure 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. 

 

Conclusion 

 

 

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 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. 
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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 〈𝐸𝑖〉 = 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 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 (𝑁(𝑡), 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 
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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.191-192  These polarizable MD simulations were executed with a branch 

of GROMACS 2016 that implements a dual-thermostat extended Lagrangian algorithm.193  

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 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 
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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. 

 

Supplementary Information 

 

 

I.  Materials and Methods 

 

A.  Experimental Design and Procedure.  All experiments were carried out with the 

use of a crossed molecular beams apparatus configured for beam-surface scattering (Figure 

S1)8, 84, 182.  Additional information on the apparatus can be found in previous publications4, 

181, 194.  In this experiment, a CO2 TEA laser beam (2 Hz repetition rate, 7 J pulse‒1) was 

directed into a vacuum chamber which was pumped through a gate valve by a 2400 L/s 

turbomolecular pump to a base pressure of 2.0 × 10−7 Torr.  Inside this vacuum chamber, 

the laser beam was focused by a concave gold mirror into the throat of a copper cone where 

an SF6 gas pulse was injected by a custom piezoelectric pulsed valve with a stagnation 

pressure of 210 psig.  The focused laser radiation atomized the SF6 gas through multiphoton 

dissociation and heating caused by the laser-induced breakdown of the gas, resulting in a 

pulsed beam of hyperthermal neutral atomic fluorine and sulfur182.  When the pulsed source 

was operating, the peak of the oscillatory pressure profile could only be crudely estimated 

at 6.0 × 10−4 Torr, because the relatively high pressure of F atoms in the source chamber 

negatively impacted the performance of an ion gauge used to make this measurement.  
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After passing through a skimmer, the pulsed hyperthermal beam entered a second vacuum 

chamber (base pressure < 5.0 × 10−7 Torr) and passed through an aperture, followed by a 

chopper wheel that was used to selectively transmit F and S atoms within a narrow velocity 

range.  Following velocity selection, 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 temperature-controlled liquid reservoir and scraping the film on the 

wheel to a uniform thickness of 125 μm195.  In this experiment, the rotation frequency of 

the stainless-steel wheel was fixed at 0.25 Hz and the liquid temperature was held at 323 ± 

1 K.  

 

The entire reservoir assembly (wheel motor, wheel, scraper, and liquid reservoir) 

was mounted on a cylindrical manipulator whose rotation axis passed through the liquid-

vacuum interface.  The hyperthermal beam axis and the manipulator axis were 

perpendicular to one another.  Also, the center of the circular or elliptical area of the ionic 

liquid film exposed to the hyperthermal beam was positioned on the manipulator axis at 

1.778 cm from the rotation axis of the wheel in the reservoir assembly.  In this 

 
Figure S1.  Schematic diagram of the experimental setup. 
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configuration, the incident angle, θi, between the hyperthermal beam axis and surface 

normal of the liquid film could be set by rotating the manipulator.  Products that scattered 

from the liquid-vacuum interface were detected after passing through the entrance aperture 

of a mass spectrometer that could independently rotate about the manipulator axis in a 

plane defined by the hyperthermal beam axis and nominal surface normal of the liquid film.  

This mass spectrometer contained an electron bombardment ionizer196 coupled to 

quadrupole mass filter and a Daly-type ion counting system197.  The final (or exit) angle, 

θf, is defined as the angle between surface normal of the liquid film and the vector from the 

beam-exposed area of the liquid film to the entrance aperture of the rotatable mass 

spectrometer.  Positive values of θf indicate that the hyperthermal beam axis and the 

rotatable mass spectrometer axis are on opposite sides of surface normal of the liquid film.  

Negative values of θf indicate that the hyperthermal beam axis and the rotatable mass 

spectrometer axis are on the same side of surface normal of the liquid film.   

The rotatable mass spectrometer was used to collect number density distributions 

as a function of flight time (N(t), also referred to as time-of-flight or TOF distributions).  

When collecting TOF distributions of scattered products, the range of accessible final 

angles was dependent on the incident angle.  At θi = 30°, 45°, and 60°, the minimum 

accessible final angles were 20°, 5°, and −10°, respectively.  At all θi, the maximum 

accessible value of θf was 80°.  In all experiments reported here, TOF distributions were 

collected across the accessible range of final angles in steps of 5°.  Conditions for the TOF 

distributions are shown in Table S1. 
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The mass spectrometer detector was also used to characterize the hyperthermal 

beam.  This was accomplished by lowering the liquid reservoir until it did not obstruct the 

hyperthermal beam and rotating the mass spectrometer until its axis was aligned with the 

hyperthermal beam axis.  TOF distributions of all potential components of the beam were 

collected to confirm that the precursor SF6 gas was completely atomized to F and S atoms.  

The relative fluxes of F and S atoms in the beam were computed by integrating N(t)/t and 

correcting for atom-dependent differences in the cross section for electron bombardment 

ionization.  In this context, t is the flight time over a 99.2 cm distance from the apex of the 

copper cone in the hyperthermal beam source to the electron bombardment ionizer in the 

Table S1.  Conditions for all experimental TOF distributions.  Each row identifies the liquid studied, the 

incident angle (θi), and the specific mass-to-charge (m/z) ratio monitored for a set of TOF distributions 

collected across a range of final angles (θf).  For example, row 1 describes the conditions for 13 different 

TOF distributions that only differ in θf.  Note that m/z = 19 corresponds to the detection of F+ produced 

by electron bombardment ionization of neutral F atoms that scattered from the liquid-vacuum interface 

and passed through the entrance aperture of the rotating mass spectrometer.  This also applies to m/z = 

20 (HF+ produced from HF) and m/z = 21 (DF+ produced from DF). 

 
Row Liquid θi m/z θf Range 

1 [C4mim][Tf2N] 30° 19 20° to 80° in 5° increments 

2 [C4mim][Tf2N] 30° 20 20° to 80° in 5° increments 

3 [C4mim][Tf2N] 45° 19 5° to 80° in 5° increments 

4 [C4mim][Tf2N] 45° 20 5° to 80° in 5° increments 

5 [C4mim][Tf2N] 60° 19 -10° to 80° in 5° increments 

6 [C4mim][Tf2N] 60° 20 -10° to 80° in 5° increments 

7 d6-[C4mim][Tf2N] 30° 19 20° to 80° in 5° increments 

8 d6-[C4mim][Tf2N] 30° 20 20° to 80° in 5° increments 

9 d6-[C4mim][Tf2N] 30° 21 20° to 80° in 5° increments 

10 d6-[C4mim][Tf2N] 45° 19 5° to 80° in 5° increments 

11 d6-[C4mim][Tf2N] 45° 20 5° to 80° in 5° increments 

12 d6-[C4mim][Tf2N] 45° 21 5° to 80° in 5° increments 

13 d6-[C4mim][Tf2N] 60° 19 -10° to 80° in 5° increments 

14 d6-[C4mim][Tf2N] 60° 20 -10° to 80° in 5° increments 

15 d6-[C4mim][Tf2N] 60° 21 -10° to 80° in 5° increments 

16 d3-Me-[C4mim][Tf2N] 30° 19 20° to 80° in 5° increments 

17 d3-Me-[C4mim][Tf2N] 30° 20 20° to 80° in 5° increments 

18 d3-Me-[C4mim][Tf2N] 30° 21 20° to 80° in 5° increments 

19 d3-Me-[C4mim][Tf2N] 45° 19 5° to 80° in 5° increments 

20 d3-Me-[C4mim][Tf2N] 45° 20 5° to 80° in 5° increments 

21 d3-Me-[C4mim][Tf2N] 45° 21 5° to 80° in 5° increments 

22 d3-Me-[C4mim][Tf2N] 60° 19 -10° to 80° in 5° increments 

23 d3-Me-[C4mim][Tf2N] 60° 20 -10° to 80° in 5° increments 

24 d3-Me-[C4mim][Tf2N] 60° 21 -10° to 80° in 5° increments 

25 d3-im-[C4mim][Tf2N] 45° 19 5° to 80° in 5° increments 

26 d3-im-[C4mim][Tf2N] 45° 20 5° to 80° in 5° increments 

27 d3-im-[C4mim][Tf2N] 45° 21 5° to 80° in 5° increments 
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rotatable mass spectrometer.  The translational energy distribution of F atoms in the pulsed 

hyperthermal beam before and after velocity selection is shown in Figure S2.  

 

The chopped (velocity selected) beam was used in all experiments.  Figure S3 displays 

representative translational energy distributions and relative flux percentages of F and S 

atoms in the pulsed hyperthermal beam.  Once the average F-atom velocity of the chopped 

hyperthermal beam was known, the nominal time at which the F-atom pulse struck the 

surface could be determined and the TOF signals from liquid scattering products could be 

converted to relative product fluxes by integrating N(t)/t, where t is the flight time across a 

34.4 cm distance from the beam-exposed area of the liquid film to the electron 

bombardment ionizer in the rotatable mass spectrometer.  Although the general design and 

operation of the liquid reservoir is similar to that used in previous studies4, 181, the specific 

reservoir used in this experiment was a newly fabricated variant optimized for low sample 

volume (≤5 mL) and the detection of large final angles (up to θf  = 80°). 

 
Figure S2.  Representative F-atom (m/z = 19) translational energy distributions produced by the 

hyperthermal F- and S-atom source with and without velocity selection using a chopper wheel (17.8 cm 

in diameter, 1.3 mm slot width, 300 Hz rotation frequency).  Both translational energy distributions have 

been normalized to have a maximum value of 1. 
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All tools used in the assembly of the liquid reservoir and all components of the 

liquid reservoir were cleaned thoroughly before use.  The cleaning procedure was as 

follows.  Parts were sonicated for 20 minutes in a dilute solution of Triton X-100 (CAS 

Number 9002-93-1) in deionized water.  This surfactant wash was followed by five or more 

rinse cycles where the parts were sonicated for 20 minutes in fresh deionized water.  

Immediately afterward, the parts were sonicated for 20 minutes in HPLC grade acetone.  

After cleaning, the liquid reservoir was assembled and installed in the beam-surface 

scattering apparatus.  At all stages of cleaning, assembly, and installation, the tools and 

reservoir were handled with nitrile gloves.  A syringe was used to add 2.5 to 3.5 mL of a 

[C4mim][Tf2N] isotopologue to the reservoir.  The reservoir wheel was then set into 

motion, and it was visually confirmed that a smooth and uniform film was established on 

 
Figure S3.  Representative F-atom (m/z = 19) and S-atom (m/z = 32) translational energy distributions 

produced by laser detonation of SF6 followed by velocity selection using a chopper wheel.  Background-

subtracted TOF distributions for F atoms in the beam were divided by the electron-impact ionization 

cross section, 1.04594 Å2.  Similarly, background-subtracted TOF distributions for S atoms in the beam 

were divided by the electron-impact ionization cross section, 3.11771 Å2.  No other detection efficiency 

corrections were applied.  No SFx species where detected in the beam.  The total area under the F-atom 

and S-atom curves is equal to 1.  The relative area of the F-atom and S-atom curves is equal to the relative 

F-atom and S-atom flux.  Note that the F-atom percentage is within 6% of the value predicted by 

stoichiometry (85.7%). 
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the surface of the rotating wheel.  The beam-surface scattering apparatus was then sealed, 

and the reservoir wheel was left running while the chamber was slowly reduced from 

atmospheric pressure, first by roughing pumps and then by cryogenic pumps.  All samples 

were degassed overnight while the F-atom source chamber and the scattering chamber were 

pumped to base pressures near 10−7 Torr. 

 

B.  Ionic Liquid Synthesis.  All air-sensitive experimental procedures were 

performed under an inert atmosphere of nitrogen using standard Schlenk line and glovebox 

techniques.  Toluene was purified with the aid of an Innovative Technologies anhydrous 

solvent engineering system.  Dichloromethane (DCM), acetonitrile (CH3CN), and hexane 

were purified by distillation, with the use of calcium hydride (for DCM and CH3CN) and 

sodium (for hexane) as drying agents.  1-methylimidazole and 1-[D3]-methylimidazole 

were dried over calcium hydride and distilled under reduced pressure.  Purification of 1-

bromobutane was performed by distillation immediately prior to use, in the presence of 

activated 4 Å molecular sieves under nitrogen.  Deuterium oxide (99.9 % D) and [D1]-

methanol (99.0 % D) were obtained from Aldrich and used without further purification.  

[D3]-methyl iodide (99+ % D) was purchased from Acros and used as received.  1H NMR 

spectra were acquired at 293 K on a JEOL ECX-400 instrument with an operating 

frequency of 399.78 MHz.  Sodium imidazolate and all ionic liquids synthesized are 

hygroscopic and were stored under an inert atmosphere.  

To prepare 1-butyl-3-methylimidazolium bromide, distilled 1-methylimidazole 

(68.0 g, 66 mL, 0.83 mol) was added dropwise to a flask containing an excess of freshly 

distilled 1-bromobutane (121.2 g, 95 mL, 0.88 mol) and dry toluene (150 mL).   The 
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mixture was allowed to stir at 60 °C overnight.  After this time, the toluene upper layer was 

removed via cannula and the ionic liquid phase was washed with dry toluene (3  50 mL).  

After removing the solvent via cannula filtration, the IL phase was dried under vacuum to 

give a white solid, which was ground in the glovebox and further dried in vacuo at 60 °C 

for 5 days (168.5 g, 93% yield).  1H NMR (400 MHz, D2O, 293 K), δ (ppm): 7.44 (d, 4J = 

1.6 Hz, 1 H), 7.40 (d, 4J = 2.0 Hz, 1 H), 4.16 (t, 3J = 6.8 Hz, 2 H), 3.65 (s, 3 H), 1.80 

(quintet, 3J = 7.2 Hz, 2 H), 1.27 (sextet, 3J = 7.6 Hz, 2 H), 0.88 (t, 3J = 7.2 Hz, 3 H). 

To prepare 1-butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide, a 

solution of [C4mim]Br (38.02 g, 0.17 mol) in deionized water (100 mL) was treated with a 

solution of Li[Tf2N] (50.6 g, 0.18 mol) in deionized water (50 mL).  The biphasic system 

was stirred overnight at room temperature.  An aqueous extraction (6  50 mL) was 

performed to remove the lithium halide until no precipitation of AgBr occurred in the 

aqueous phase upon addition of AgNO3 solution.  The colorless oil was then dried in vacuo 

at 60 °C for 2 days (66.8 g, 92% yield).  1H NMR (400 MHz, acetone-d6, 293 K), δ (ppm): 

9.03 (s, 1 H), 7.77 (s, 1 H), 7.71 (s, 1 H), 4.37 (t, 3J = 7.2 Hz, 2 H), 4.06 (s, 3 H), 1.93 

(quintet, 3J = 7.6 Hz, 2 H), 1.38 (sextet, 3J = 7.6 Hz, 2 H), 0.94 (t, 3J = 7.2 Hz, 3 H). 

Sodium imidazolate was prepared by following a literature method with some 

modifications198-199.  A suspension of sodium hydride (2.05 g, 85.4 mmol) in dry 

acetonitrile (150 mL) was cooled in an ice bath under a nitrogen atmosphere.  Imidazole 

(5.53 g, 81.2 mmol) was ground into a fine powder and slowly added over the course of 3 

hours.  A gentle effervescence of hydrogen occurred during addition.  After 24 hours of 

stirring, the solvent was removed in vacuo.  Because of the high hygroscopicity of the 
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product, the work-up was performed under nitrogen.  The white solid was washed with dry 

hexane (4  30 mL) and dried at 100 C under reduced pressure for 1-2 hours (6.93 g, 95% 

yield). 1H NMR (400 MHz, D2O, 293 K), δ (ppm): 7.78 (s, 1 H), 7.14 (s, 2 H). 

Methylation of sodium imidazolate to 1-[D3]-methylimidazole was carried out 

following a literature method with some modifications199-200.  Finely ground sodium 

imidazolate (28.00 g, 0.31 mol) was suspended in dry acetonitrile (350 mL) under nitrogen 

and cooled in an ice/salt bath to −15 C.  To this mixture, [D3]-methyl iodide (45.18 g, 19.4 

mL, 0.31 mol) was added dropwise over the course of 3 hours, during which time a yellow 

color evolved.  The resulting mixture was stirred at −15 C for 3-5 additional hours and 

then allowed to warm to room temperature.  After 3 days of stirring, the solvent was 

removed in vacuo to give an orange residue, which was then extracted with dry DCM (6  

100 mL) via cannula transfer.  A yellowish oil was obtained after removal of the 

dichloromethane under reduced pressure.  The product was purified by vacuum distillation.  

The colorless liquid obtained (19.4 g, 17 mL, 73% yield) was stored at 4 C under 

nitrogen.  The degree of deuteration on the methyl group was quantitative.  1H NMR (400 

MHz, dmso-d6, 293 K), δ (ppm): 7.60 (s, 1 H), 7.15 (s, 1 H), 6.91 (s, 1 H). 

To prepare 1-butyl-3-(D3)methylimidazolium bromide, distilled 1-[D3]-

methylimidazole (4.27 g, 3.8 mL, 50.1 mmol) was added dropwise to a solution of 1-

bromobutane (7.40 g, 5.8 mL, 54.0 mmol) in dry toluene (7 mL).  The resulting mixture 

was allowed to stir at 60 °C overnight.  Upon cooling to room temperature, the toluene 

upper layer was syringed out, and the IL phase was subsequently washed with toluene (4 

 10 mL).  The IL phase was then concentrated in vacuo to give a white solid, which was 
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ground in the glovebox and dried at 60 °C for 2 h (10.0 g, 90% yield).  The degree of 

deuteration on the methyl group was quantitative.  1H NMR (400 MHz, acetone-d6, 293 

K), δ (ppm): 10.25 (s, 1 H), 7.91 (s, 1 H), 7.83 (s, 1 H), 4.45 (t, 3J = 7.2 Hz, 2 H), 1.94 

(quintet, 3J = 6.8 Hz, 2 H), 1.39 (sextet, 3J = 7.6 Hz, 2 H), 0.95 (t, 3J = 8.0 Hz, 3 H). 

To prepare 1-butyl-3-(D3)methylimidazolium bromide, a solution of d3-Me-

[C4mim]Br (10.0 g, 45.0 mmol) in deionized water (40 mL) was treated with a solution of 

Li[Tf2N] (13.1 g, 45.5 mmol) in deionized water (25 mL).  The biphasic system was stirred 

overnight at room temperature under nitrogen.  The ionic liquid phase was separated, and 

the aqueous phase was extracted with dichloromethane (2  10 mL).   The combined 

organic phases were washed with deionized water (6  30 mL) until no precipitation of 

AgBr occurred in the aqueous phase upon addition of AgNO3 solution.  The organic layer 

was then dried in vacuo at 60 °C for 2 days to yield an oil (17.4 g, 92% yield).  The degree 

of deuteration on the methyl group remained unchanged during the metathesis step.  1H 

NMR (400 MHz, acetone-d6, 293 K), δ (ppm): 9.03 (s, 1 H), 7.77 (s, 1 H), 7.71 (s, 1 H), 

4.37 (t, 3J = 7.2 Hz, 2 H), 1.93 (quintet, 3J = 7.6 Hz, 2 H), 1.38 (sextet, 3J = 7.6 Hz, 2 H), 

0.94 (t, 3J = 7.2 Hz, 3 H). 

1-Butyl-3-methyl(D3)imidazolium bis(trifluoromethylsulfonyl)imide was prepared 

following a literature method199-200.  1-butyl-3-methylimidazolium 

bis(trifluoromethylsulfonyl)imide (11.4 g, 27.2 mmol) was dissolved in [D1]-methanol 

(54.5 g, 67 mL, 1.65 mol), treated with cesium hydroxide monohydrate (1.34 g, 8.0 mmol) 

and stirred for 24 h at 50 °C under nitrogen.  The mixture was neutralized with an 80% 

aqueous solution of bis(trifluoromethylsulfonyl)imide, and the solvent was removed in 
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vacuo.  The residue was partitioned between dichloromethane (75 mL) and deuterium 

oxide (50 mL).  The layers were separated and the aqueous layer was extracted with 

dichloromethane (50 mL).  The combined organic layers were washed with deuterium 

oxide (3  50 mL), and the solvent was removed in vacuo.  The resulting oil was dried in 

vacuo at 60 °C for 3 days (10.7 g, 93% yield).  The 1H NMR spectrum in acetone-d6 

revealed a degree of deuteration of 89% on the C2 position of the aromatic ring, and 93% 

on the C4 and C5 positions.  1H NMR (400 MHz, acetone-d6, 293 K), δ (ppm): 4.37 (t, 3J = 

7.2 Hz, 2 H), 4.06 (s, 3 H), 1.93 (quintet, 3J = 7.6 Hz, 2 H), 1.38 (sextet, 3J = 7.6 Hz, 2 H), 

0.94 (t, 3J = 7.2 Hz, 3 H). 

1-Butyl-3-(D3)methyl(D3)imidazolium bis(trifluoromethylsulfonyl)imide was 

prepared following a literature method199-200.  1-butyl-3-(D3)methylimidazolium 

bis(trifluoromethylsulfonyl)imide (8.61 g, 20.3 mmol) was dissolved in [D1]-methanol 

(40.7 g, 50 mL, 1.23 mol), treated with cesium hydroxide monohydrate (1.01 g, 6 mmol) 

and stirred for 24 h at 50 °C under nitrogen.  The mixture was neutralized with an 80% 

aqueous solution of bis(trifluoromethylsulfonyl)imide, and the solvent was removed in 

vacuo.  The residue was partitioned between dichloromethane (55 mL) and deuterium 

oxide (35 mL).  The layers were separated and the aqueous layer was extracted with DCM 

(35 mL).  The combined organic layers were washed with deuterium oxide (3  35 mL), 

and the solvent was removed in vacuo.  The resulting oil was dried in vacuo at 60 °C for 3 

days (8.0 g, 93% yield). The 1H NMR spectrum in acetone-d6 revealed a degree of 

deuteration of 89% on the C2 position of the aromatic ring, and 93% on the C4 and C5 

positions.  The degree of deuteration on the methyl group remained unchanged during the 
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ring deuteration step.  1H NMR (400 MHz, acetone-d6, 293 K), δ (ppm): 4.37 (t, 3J = 7.2 

Hz, 2 H), 1.93 (quintet, 3J = 7.6 Hz, 2 H), 1.38 (sextet, 3J = 7.6 Hz, 2 H), 0.94 (t, 3J = 7.2 

Hz, 3 H). 

 

II.  Supporting Information Text 

 

A.  Data Analysis Procedure.  All experimental results were derived from TOF 

distributions, 𝑁(𝑡), collected from the beam-surface scattering apparatus shown in Figure 

S1 (see Table S1 for a list of all TOF data).  For a specific incident angle (θi), liquid sample, 

and scattering product, the TD component of a total TOF distribution was well-described 

by 

𝑁𝑇𝐷
𝐹𝑖𝑡(𝑡, 𝜃𝑓) =  𝑁𝑇𝐷(𝑡) cos(𝜃𝑓)  = 𝐶 𝑁𝑀𝐵(𝑡) cos(𝜃𝑓) 

where θf is the final angle and C is a scaling constant selected to fit the experimental data.  

𝑁𝑀𝐵(𝑡) is a number density distribution that corresponds to a Maxwell-Boltzmann speed 

distribution at the bulk temperature of the liquid 

𝑁𝑀𝐵(𝑡) =
625 𝑒2 𝑚2 𝐿4

𝑅2 𝑇2 𝑡4
𝑒

−100 𝑚 𝐿2

2 𝑅 𝑇 𝑡2  

where m is the detected mass in g mol-1, L is the distance that the scattered products must 

travel to reach the ionizer in cm, R is the gas constant in kJ mol−1 K−1, T is the bulk liquid 

temperature in K, and t is the flight time from the liquid interface to the ionizer in μs.  Note 

that the peak of 𝑁𝑀𝐵(𝑡) occurs at 

𝑡𝑀𝐵
𝑃𝑒𝑎𝑘 = 5 𝐿 √

𝑚

𝑅 𝑇
 

and this flight time does not correspond to the most probable kinetic energy or the most 

probable speed in a Maxwell-Boltzmann speed distribution at the bulk temperature of the 
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liquid.  For a specific θi, liquid sample, scattering product, and θf, 𝑁𝐼𝑆(𝑡) is the IS 

component of a total TOF distribution.  𝑁𝐼𝑆(𝑡) is isolated as the residual 𝑁(𝑡) − 𝑁𝑇𝐷(𝑡) for 

0 < 𝑡 < 𝑡𝑀𝐵
𝑃𝑒𝑎𝑘.  Similarly, for a specific θi, liquid sample, scattering product, and θf, 𝑁𝐿𝑇(𝑡) 

is the LT component of a total TOF distribution.  𝑁𝐿𝑇(𝑡) is isolated as the residual 𝑁(𝑡) −

𝑁𝑇𝐷(𝑡) for 𝑡𝑀𝐵
𝑃𝑒𝑎𝑘 < 𝑡 < 𝑡𝑀𝑎𝑥 where 𝑡𝑀𝑎𝑥 is the largest flight time measured (typically 

10,000 μs). 

The flux of all scattered products that contribute to a given 𝑁𝐼𝑆(𝑡) is given by 𝐼𝐼𝑆 =

∫ 𝑁𝐼𝑆(𝑡) 𝑡−1𝑡𝑀𝐵
𝑃𝑒𝑎𝑘

0
𝑑𝑡, and the flux of all scattered products that contribute to a given 𝑁𝑇𝐷(𝑡) 

is given by 𝐼𝑇𝐷 = ∫ 𝑁𝑇𝐷(𝑡) 𝑡−1 𝑑𝑡
∞

0
.  An atomic symbol or molecular formula is used as a 

superscript when referencing a number density or flux of a specific atom or molecule (e.g., 

𝐼𝐼𝑆
𝐹  is the flux of IS F).  Note that the flux of all scattered products that contribute to a given 

𝑁𝐿𝑇(𝑡) distribution cannot be derived from the experimental data, because the uncertain 

residence time of the reagent F atom or HF product in the interfacial region makes the 

relationship between product velocity and flight time unknown.  In this study, 𝑁𝐿𝑇(𝑡) is 

therefore analyzed directly by monitoring the average TOF amplitude in a small flight time 

interval centered at 2000 μs. 
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To account for fluctuations in beam intensity during and between experiments, the 

IS and TD flux of HF and DF scattering products were divided by ∫ 𝐼𝐼𝑆
𝐹 (𝜃𝑓) 𝑑𝜃𝑓

80°

20°
.  This 

procedure assumes that cation deuteration does not significantly alter the surface structure 

of [C4mim][Tf2N] or impact the dynamics of IS F.  These assumptions are supported by 

 
Figure S4.  IS F flux angular distributions from [C4mim][Tf2N], d3-Me-[C4mim][Tf2N], d3-im-

[C4mim][Tf2N], and d6-[C4mim][Tf2N] at incident angles, θi, of 30°, 45°, and 60°.  All angular 

distributions have been scaled so the cartesian integral between θf = 20° and θf = 80° is equal to 1. 
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the similar IS F flux angular distributions from [C4mim][Tf2N], d3-Me-[C4mim][Tf2N], d3-

im-[C4mim][Tf2N], and d6-[C4mim][Tf2N] (see Figure S4).  No dissociative ionization 

correction was applied to F, HF, and DF signals because no significant dissociative 

ionization of HF and DF was expected to occur201.  No corrections for ionization cross 

section or transmission efficiency were applied to scattered F (m/z = 19), HF (m/z = 20), 

and DF (m/z = 21), as such corrections are expected to be very small across a 1-3 amu mass 

range. 

 

B.  Self-Consistent IS and TD from Independent Experiments, Isotope Effects in 

the Production of IS HF, and the Derivation of Site-specific Scattering Signals.  

Hyperthermal F-atom scattering experiments from the liquid-vacuum interface of 

[C4mim][Tf2N], d3-Me-[C4mim][Tf2N], d3-im-[C4mim][Tf2N], and d6-[C4mim][Tf2N] 

were carried out on different days under slightly different experimental conditions.  As 

described in SI.II.A, the IS, TD, and LT fluxes of HF and DF scattering products were 

divided by ∫ 𝐼𝐼𝑆
𝐹 (𝜃𝑓) 𝑑𝜃𝑓

80°

20°
 to account for fluctuations in beam intensity.  To demonstrate 

the self-consistency of this corrected data, reactive scattering signals that should be 

equivalent were computed from independent experiments and compared.  Linear 

combinations of reactive scattering signals are expected to be equivalent if they probe the 

same cation surface sites.  Table S2 lists the cation sites associated with HF or DF 

scattering from the four [C4mim][Tf2N] isotopologues.  As seen in Figure S5, the sum of 

the IS HF flux angular distributions from [C4mim][Tf2N] and d6-[C4mim][Tf2N] shows 

excellent agreement with the sum of the IS HF flux angular distributions from d3-Me-

[C4mim][Tf2N] and d3-im-[C4mim][Tf2N] (integrals differ by ~0.33%).  Figure S6 shows 
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that the IS DF flux angular distribution from d6-[C4mim][Tf2N] agrees very well with the 

sum of the IS DF flux angular distributions from d3-Me-[C4mim][Tf2N] and d3-im-

[C4mim][Tf2N] (integrals differ by ~0.15%).  Excellent agreement is also found in the TD 

channel (not shown).  The sum of TD HF flux from [C4mim][Tf2N] and d6-[C4mim][Tf2N] 

is 0.22% different from the sum of TD HF flux from d3-Me-[C4mim][Tf2N] and d3-im-

[C4mim][Tf2N].  Similarly, TD DF flux from d6-[C4mim][Tf2N] is 3.3% different from the 

sum of TD DF flux from d3-Me-[C4mim][Tf2N] and d3-im-[C4mim][Tf2N].  The slightly 

larger discrepancy between independent measurements of equivalent signals for TD DF 

relative to TD HF, IS HF, and IS DF is probably a consequence of the low S/N of the DF 

TOF distributions from d3-im-[C4mim][Tf2N]; low S/N has a large impact on the ability to 

fit the data to 𝑁𝑇𝐷
𝐹𝑖𝑡(𝑡).  

However, it is important to note that this larger TD DF discrepancy does not have a large 

impact on IS DF flux from d3-im-[C4mim][Tf2N].  From these observations, we can draw 

 
Figure S5.  At θi = 45°, the sum of the IS HF flux angular distributions from [C4mim][Tf2N] and d6-

[C4mim][Tf2N] (red) shows good agreement with the sum of the IS HF flux angular distributions from 

d3-Me-[C4mim][Tf2N] and d3-im-[C4mim][Tf2N] (blue). 
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five conclusions.  First, cation deuteration does not strongly perturb liquid-vacuum 

interfacial structure.  Second, cation deuteration does not have an observable impact on 

integrated IS F signal.  Third, all four [C4mim][Tf2N] isotopologues have a liquid-vacuum 

interface that is free from contamination.  Fourth, our experimental procedure is highly 

reproducible.  Fifth, secondary isotope effects are unlikely to be important for IS and TD 

fluxes of HF and DF products from the cation. 

 

As shown in Table S2, site-resolved scattering signals from the butyl, methyl, and 

the ring can be obtained from specific reactive scattering signals from the deuterium-

labeled variants of [C4mim][Tf2N].  Specifically, HF scattering signal from d6-

[C4mim][Tf2N] can be associated with HF scattering signal from the butyl group.  DF 

scattering signal from d3-Me-[C4mim][Tf2N] can be associated with DF scattering signal 

from the methyl group.  Similarly, DF scattering signal from d3-im-[C4mim][Tf2N] can be 

associated with DF scattering signal from the ring group.  However, to compare site-

resolved HF and DF scattering, it is necessary to evaluate the importance of primary isotope 

 
Figure S6.  At θi = 45°, the IS DF flux angular distribution from d6-[C4mim][Tf2N] (red) shows good 

agreement with the sum of the IS DF flux angular distributions from d3-Me-[C4mim][Tf2N] and d3-im-

[C4mim][Tf2N] (blue). 
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effects.  The site-resolved DF/HF flux ratios can be used to investigate the presence or 

absence of primary isotope effects in hyperthermal F-atom reactive scattering from 

[C4mim][Tf2N].  Unfortunately, the S/N ratio for HF and DF products from the ring was 

too low to compute DF/HF flux ratios from this site.  The DF/HF flux ratios from methyl 

are shown in Figure S7.  For both IS and TD, the DF/HF flux ratios from methyl are less 

than one at all θi, indicating that IS and TD reactive scattering from methyl was suppressed 

by deuteration.  Additionally, the relative magnitudes of the DF/HF flux ratios from methyl 

show dependencies on θi that are not easy to interpret.  For impulsive scattering, the DF/HF 

flux ratio at θi = 45° is lower than the DF/HF flux ratio at θi = 30° and 60°.  Unfortunately, 

no relevant information on the magnitude or θi dependence of hyperthermal reactive IS 

scattering isotope effects was found in the literature.  For TD, the DF/HF flux ratios at θi = 

30° and 45° are very similar to the value of 0.725 reported by Persky202 for thermal F-atom 

reactions with methane at 298 K.  Although Persky does not provide measurements at 

Table S2:  HF or DF scattering signals from specific [C4mim][Tf2N] isotopologues originate from 

specific locations on the cation and can be represented as a linear combination of scattering signals from 

the cation butyl, methyl, and ring groups at the liquid-vacuum interface.  Note that HF or DF scattering 

signals can be IS TOF distributions, IS fluxes, TD TOF distributions, TD fluxes, or LT TOF distributions. 

 

[C4mim][Tf2N] 

Isotopologue 

HF Scattering Signal from [C4mim][Tf2N] 

Isotopologue is Equivalent to: 

DF Scattering Signal from [C4mim][Tf2N] 

Isotopologue is Equivalent to: 

[C4mim][Tf2N] 

HF Scattering Signal from Butyl + 

HF Scattering Signal from Methyl + 
HF Scattering Signal from Ring 

N/A 

d6-[C4mim][Tf2N] HF Scattering Signal from Butyl 
DF Scattering Signal from Methyl +  

DF Scattering Signal from Ring 

d3-Me-
[C4mim][Tf2N] 

HF Scattering Signal from Butyl +  
HF Scattering Signal from Ring 

DF Scattering Signal from Methyl 

d3-im-[C4mim][Tf2N] 
HF Scattering Signal from Butyl +  

HF Scattering Signal from Methyl 
DF Scattering Signal from Ring 
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higher temperatures, extrapolation of the trends observed between 183 K and 298 K predict 

a DF/HF flux ratio near 0.74 at 323 K.  This value is in quantitative agreement with the TD 

DF/HF flux ratio at θi = 30°.  Interestingly, of the three incident angles measured in this 

study, θi = 30° is associated with the highest IS HF cos(θf) character and the smallest IS/TD 

flux ratios.  Given that these observables are positively correlated with trapping probability, 

the agreement between the TD DF/HF flux ratio at θi = 30° and the DF/HF ratio for thermal 

F-atom reactions with methane at 323 K may indicate that the TD HF products from the 

methyl group at θi = 30° are dominated by pathways that involve reactions of trapped F-

atoms in thermal equilibrium and subsequent desorption of HF, as opposed to F-atom 

reactions at hyperthermal collision energies followed by trapping and desorption of HF.  

The TD DF/HF flux ratio at θi = 60° is 0.30, which is lower than the near-thermal values 

observed at lower θi.  At a large θi, direct abstraction of an interfacial H atom is expected 

to dominate the reactive trajectories that produce HF.  The deviation at θi = 60° may 

therefore indicate that the majority of TD HF produced with this large incident angle is the 

result of reaction pathways that form HF nonthermally before it lingers at the interface and 

perhaps exchanges an H atom before desorbing thermally.  It is important to note that the 

IS and TD DF/HF flux ratios at θi = 60° do not approach the same high value that might be 

expected for direct hyperthermal reactions, which could indicate that secondary reactions 

complicate the isotope effect in the TD channel.  Further research is necessary before 

dynamical significance can be confidently assigned to the angle-dependent isotope effects 

shown in Figure S7. 
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The relations in Table S2 and the isotope effects quantified in Figure S7 were used 

to derive all site-resolved yield and angular distribution data from the raw TOF 

distributions listed in Table S1.  Explicit procedures for these transformations are listed in 

Tables S3, S4, and S5.  As described above, the S/N ratio for reactive scattering from the 

ring was too low to obtain accurate estimates of the IS and TD DF/HF flux ratios.  In Table 

S5, we assume that the DF/HF flux ratio equals one for IS and TD scattering from the ring 

at all θi.  As the reactive scattering flux from the ring is much smaller than the reactive 

scattering flux from butyl and methyl, this should not introduce much error in the analysis.  

As noted in SI.I.B, the deuteration efficiencies at the C2, C4, and C5 positions of the 

imidazolium ring were 89%, 93%, and 93%, respectively.  A crude correction for this 

incomplete deuteration was applied to reactive scattering yields from the ring by scaling 

 
Figure S7.  Experimental characterization of an isotope effect between HF and DF scattering from the 

methyl group at the liquid-vacuum interface of [C4mim][Tf2N].  For all three incident angles, no 

difference in the IS HF and DF flux angular distributions could be resolved.  To boost S/N, IS HF and DF 

angular distributions were integrated before computing IS DF/HF ratios.  As shown, DF flux from the 

methyl group was computed from DF flux from d3-Me-[C4mim][Tf2N].  HF flux from the methyl group 

was computed from the difference between HF flux from d6-[C4mim][Tf2N] and HF flux from d3-im-

[C4mim][Tf2N]. 
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them by 
300

89+93+93
=

100

92
.  This correction assumes that DF scattering from the ring equally 

samples the three CH bonds.  As shown in Table S1, scattering from d3-im-[C4mim][Tf2N] 

was only investigated at θi = 45°.  At this incident angle, DF scattering from d3-im-

[C4mim][Tf2N] was used to compute site-resolved IS, TD, and LT scattering from the ring.  

At θi = 30° and 60°, the difference between DF scattering from d6-[C4mim][Tf2N] and DF 

scattering from d3-Me-[C4mim][Tf2N] was used to compute site-resolved IS, TD, and LT 

scattering from the ring.  Figure S8 justifies this subtraction procedure by comparing both 

methods at θi = 45°.  Although the indirect derivation of the IS HF flux percentage from 

the ring has more noise, the shape as a function of exit angle is in good agreement with the 

IS HF flux angular distribution from the ring that was measured directly (Figure S8). 

 
Figure S8:  Two methods of computing relative IS HF yields from the butyl, methyl, and ring groups at 

an incident angle of θi = 45°.  The first method (shown with colored lines) uses IS DF from d3-im-

[C4mim][Tf2N] to compute the relative IS HF yield from the ring.  The second method (shown with 

colored circles) uses the difference between IS DF from d6-[C4mim][Tf2N] and IS DF from d3-Me-

[C4mim][Tf2N] to compute the relative IS HF yield from the ring.  The good agreement justifies the use 

of the second method when IS DF data from d3-im-[C4mim][Tf2N] are unavailable. 
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Therefore, directly and indirectly determined IS HF flux angular distributions from the ring 

should have the same shape.  See Table S5 for additional details. 

 

Table S3:  Procedures used to derive site-resolved yields and angular distributions from the butyl group.  

See Tables S4 and S5 for the corresponding procedures used to derive site-resolved yields and angular 

distributions from the methyl and ring groups. Note that IS HF angular distributions from the butyl group 

are scaled so the Cartesian area between θf = 20° and θf = 80° is equal to 1. 

 

Row Scattering Signal Derivation of Scattering Signal 

1 

Elements of the butyl IS 

HF angular distribution at 
θi = 30° and exit angle θf 

IIS
HF(𝜃𝑓) from d6-[C4mim][Tf2N] at θi = 30° divided by the Cartesian integral 

∫ IIS
HF(𝜃𝑓)𝑑𝜃𝑓

80°

20°
 from d6-[C4mim][Tf2N] at θi = 30° 

2 
Butyl IS HF yield at θi = 

30° 

Cartesian integral ∫ IIS
HF(𝜃𝑓)𝑑𝜃𝑓

80°

20°
 from d6-[C4mim][Tf2N] at θi = 30° divided by the 

Cartesian integral ∫ IIS
F (𝜃𝑓)𝑑𝜃𝑓

80°

20°
 from d6-[C4mim][Tf2N] at θi = 30° 

3 
Butyl IS HF relative yield 

percentage at θi = 30° 

100% multiplied by the butyl IS HF yield at θi = 30° divided by the sum of the butyl IS 

HF yield at θi = 30°, the methyl IS HF yield at θi = 30°, and the ring IS HF yield at θi = 

30°  

4 
Elements of the butyl IS 

HF angular distribution at 

θi = 45° and exit angle θf 

IIS
HF(𝜃𝑓) from d6-[C4mim][Tf2N] at θi = 45° divided by the Cartesian integral 

∫ IIS
HF(𝜃𝑓)𝑑𝜃𝑓

80°

20°
 from d6-[C4mim][Tf2N] at θi = 45° 

5 
Butyl IS HF yield at θi = 

45° 

Cartesian integral ∫ IIS
HF(𝜃𝑓)𝑑𝜃𝑓

80°

20°
 from d6-[C4mim][Tf2N] at θi = 45° divided by the 

Cartesian integral ∫ IIS
F (𝜃𝑓)𝑑𝜃𝑓

80°

20°
 from d6-[C4mim][Tf2N] at θi = 45° 

6 
Butyl IS HF relative yield 

percentage at θi = 45° 

100% multiplied by the butyl IS HF yield at θi = 45° divided by the sum of the butyl IS 

HF yield at θi = 45°, the methyl IS HF yield at θi = 45°, and the ring IS HF yield at θi = 
45° 

7 

Elements of the butyl IS 

HF angular distribution at 
θi = 60° and exit angle θf 

IIS
HF(𝜃𝑓) from d6-[C4mim][Tf2N] at θi = 60° divided by the Cartesian integral 

∫ IIS
HF(𝜃𝑓)𝑑𝜃𝑓

80°

20°
 from d6-[C4mim][Tf2N] at θi = 60° 

8 
Butyl IS HF yield at θi = 

60° 

Cartesian integral ∫ IIS
HF(𝜃𝑓)𝑑𝜃𝑓

80°

20°
 from d6-[C4mim][Tf2N] at θi = 60° divided by the 

Cartesian integral ∫ IIS
F (𝜃𝑓)𝑑𝜃𝑓

80°

20°
 from d6-[C4mim][Tf2N] at θi = 60° 

9 
Butyl IS HF relative yield 

percentage at θi = 60° 

100% multiplied by the butyl IS HF yield at θi = 60° divided by the sum of the butyl IS 

HF yield at θi = 60°, the methyl IS HF yield at θi = 60°, and the ring IS HF yield at θi = 

60° 

10 
Butyl TD HF yield at θi = 

30° 

Cartesian integral ∫ ITD
HF(𝜃𝑓)𝑑𝜃𝑓

80°

20°
 from d6-[C4mim][Tf2N] at θi = 30° divided by the 

Cartesian integral of ∫ IIS
F (𝜃𝑓)𝑑𝜃𝑓

80°

20°
 from d6-[C4mim][Tf2N] at θi = 30° 

11 
Butyl TD HF relative yield 

percentage at θi = 30° 

100% multiplied by the butyl TD HF yield at θi = 30° divided by the sum of the butyl 
TD HF yield at θi = 30°, the methyl TD HF yield at θi = 30°, and the ring TD HF yield 

at θi = 30° 

12 
Butyl TD HF yield at θi = 

45° 

Cartesian integral ∫ ITD
HF(𝜃𝑓)𝑑𝜃𝑓

80°

20°
 from d6-[C4mim][Tf2N] at θi = 45° divided by the 

Cartesian integral of ∫ IIS
F (𝜃𝑓)𝑑𝜃𝑓

80°

20°
 from d6-[C4mim][Tf2N] at θi = 45° 

13 
Butyl TD HF relative yield 

percentage at θi = 45° 

100% multiplied by the butyl TD HF yield at θi = 45° divided by the sum of the butyl 

TD HF yield at θi = 45°, the methyl TD HF yield at θi = 45°, and the ring TD HF yield 
at θi = 45° 
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14 
Butyl TD HF yield at θi = 

60° 

Cartesian integral ∫ ITD
HF(𝜃𝑓)𝑑𝜃𝑓

80°

20°
 from d6-[C4mim][Tf2N] at θi = 60° divided by the 

Cartesian integral of ∫ IIS
F (𝜃𝑓)𝑑𝜃𝑓

80°

20°
 from d6-[C4mim][Tf2N] at θi = 60° 

15 
Butyl TD HF relative yield 

percentage at θi = 60° 

100% multiplied by the butyl TD HF yield at θi = 60° divided by the sum of the butyl 

TD HF yield at θi = 60°, the methyl TD HF yield at θi = 60°, and the ring TD HF yield 
at θi = 60° 

 

Table S4:  Procedures used to derive site-resolved yields and angular distributions from the methyl group.  

See Tables S3 and S5 for the corresponding procedures used to derive site-resolved yields and angular 

distributions from the butyl and ring groups.  The deuterium isotope effect corrections from Figure S7 

are shown in red.  Note that IS HF angular distributions from the methyl group are scaled so the Cartesian 

area between θf = 20° and θf = 80° is equal to 1. 

 

Row Scattering Signal Derivation of Scattering Signal 

1 

Elements of the methyl IS 

HF angular distribution at 

θi = 30° and exit angle θf 

IIS
DF(𝜃𝑓) from d3-Me-[C4mim][Tf2N] at θi = 30° divided by the Cartesian integral 

∫ IIS
DF(𝜃𝑓)𝑑𝜃𝑓

80°

20°
 from d3-Me-[C4mim][Tf2N] at θi = 30° 

2 
Methyl IS HF yield at θi = 

30° 

Cartesian integral 
1

0.82
∫ IIS

DF(𝜃𝑓)𝑑𝜃𝑓
80°

20°
 from d3-Me-[C4mim][Tf2N] at θi = 30° divided 

by the Cartesian integral ∫ IIS
F (𝜃𝑓)𝑑𝜃𝑓

80°

20°
 from d3-Me-[C4mim][Tf2N] at θi = 30° 

3 
Methyl IS HF relative 
yield percentage at θi = 

30° 

100% multiplied by the methyl IS HF yield at θi = 30° divided by the sum of the butyl 
IS HF yield at θi = 30°, the methyl IS HF yield at θi = 30°, and the ring IS HF yield at 

θi = 30°  

4 

Elements of the methyl IS 

HF angular distribution at 

θi = 45° and exit angle θf 

IIS
DF(𝜃𝑓) from d3-Me-[C4mim][Tf2N] at θi = 45° divided by the Cartesian integral 

∫ IIS
DF(𝜃𝑓)𝑑𝜃𝑓

80°

20°
 from d3-Me-[C4mim][Tf2N] at θi = 45° 

5 
Methyl IS HF yield at θi = 

45° 

Cartesian integral 
1

0.55
∫ IIS

DF(𝜃𝑓)𝑑𝜃𝑓
80°

20°
 from d3-Me-[C4mim][Tf2N] at θi = 45° divided 

by the Cartesian integral ∫ IIS
F (𝜃𝑓)𝑑𝜃𝑓

80°

20°
 from d3-Me-[C4mim][Tf2N] at θi = 45° 

6 

Methyl IS HF relative 

yield percentage at θi = 

45° 

100% multiplied by the methyl IS HF yield at θi = 45° divided by the sum of the butyl 

IS HF yield at θi = 45°, the methyl IS HF yield at θi = 45°, and the ring IS HF yield at 

θi = 45° 

7 

Elements of the methyl IS 

HF angular distribution at 

θi = 60° and exit angle θf 

IIS
DF(𝜃𝑓) from d3-Me-[C4mim][Tf2N] at θi = 60° divided by the Cartesian integral 

∫ IIS
DF(𝜃𝑓)𝑑𝜃𝑓

80°

20°
 from d3-Me-[C4mim][Tf2N] at θi = 60° 

8 
Methyl IS HF yield at θi = 

60° 

Cartesian integral 
1

0.91
∫ IIS

DF(𝜃𝑓)𝑑𝜃𝑓
80°

20°
 from d3-Me-[C4mim][Tf2N] at θi = 60° divided 

by the Cartesian integral ∫ IIS
F (𝜃𝑓)𝑑𝜃𝑓

80°

20°
 from d3-Me-[C4mim][Tf2N] at θi = 60° 

9 
Methyl IS HF relative 
yield percentage at θi = 

60° 

100% multiplied by the methyl IS HF yield at θi = 60° divided by the sum of the butyl 
IS HF yield at θi = 60°, the methyl IS HF yield at θi = 60°, and the ring IS HF yield at 

θi = 60° 

10 
Methyl TD HF yield at θi 

= 30° 

Cartesian integral 
1

0.73
∫ ITD

DF(𝜃𝑓)𝑑𝜃𝑓
80°

20°
 from d3-Me-[C4mim][Tf2N] at θi = 30° divided 

by the Cartesian integral of ∫ IIS
F (𝜃𝑓)𝑑𝜃𝑓

80°

20°
 from d3-Me-[C4mim][Tf2N] at θi = 30° 

11 

Methyl TD HF relative 

yield percentage at θi = 
30° 

100% multiplied by the methyl TD HF yield at θi = 30° divided by the sum of the 

butyl TD HF yield at θi = 30°, the methyl TD HF yield at θi = 30°, and the ring TD 
HF yield at θi = 30° 

12 
Methyl TD HF yield at θi 

= 45° 

Cartesian integral 
1

0.79
∫ ITD

DF(𝜃𝑓)𝑑𝜃𝑓
80°

20°
 from d3-Me-[C4mim][Tf2N] at θi = 45° divided 

by the Cartesian integral of ∫ IIS
F (𝜃𝑓)𝑑𝜃𝑓

80°

20°
 from d3-Me-[C4mim][Tf2N] at θi = 45° 
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13 
Methyl TD HF relative 
yield percentage at θi = 

45° 

100% multiplied by the methyl TD HF yield at θi = 45° divided by the sum of the 
butyl TD HF yield at θi = 45°, the methyl TD HF yield at θi = 45°, and the ring TD 

HF yield at θi = 45° 

14 
Methyl TD HF yield at θi 

= 60° 

Cartesian integral 
1

0.30
∫ ITD

DF(𝜃𝑓)𝑑𝜃𝑓
80°

20°
 from d3-Me-[C4mim][Tf2N] at θi = 60° divided 

by the Cartesian integral of ∫ IIS
F (𝜃𝑓)𝑑𝜃𝑓

80°

20°
 from d3-Me-[C4mim][Tf2N] at θi = 60° 

15 

Methyl TD HF relative 

yield percentage at θi = 
60° 

100% multiplied by the methyl TD HF yield at θi = 60° divided by the sum of the 

butyl TD HF yield at θi = 60°, the methyl TD HF yield at θi = 60°, and the ring TD 
HF yield at θi = 60° 

16 

Elements of the methyl LT 

DF angular distribution at 

θi = 30° and exit angle θf 

NLT
DF(𝑡 = 2000 𝜇𝑠) from d3-Me-[C4mim][Tf2N] at θi = 30° divided by the Cartesian 

integral of ∫ IIS
F (𝜃𝑓)𝑑𝜃𝑓

80°

20°
 from d3-Me-[C4mim][Tf2N] at θi = 30° 

17 
Methyl LT DF yield at θi = 

30° 

Cartesian integral ∫ NLT
DF(𝑡 = 2000 𝜇𝑠)𝑑𝜃𝑓

80°

20°
 from d3-Me-[C4mim][Tf2N] at θi = 30° 

divided by the Cartesian integral of ∫ IIS
F (𝜃𝑓)𝑑𝜃𝑓

80°

20°
 from d3-Me-[C4mim][Tf2N] at θi = 

30° 

18 
Methyl LT DF relative 
yield percentage at θi = 

30° 

100% multiplied by the methyl LT DF yield at θi = 30° divided by the sum of the 

methyl LT DF yield at θi = 30° and the ring LT DF yield at θi = 30° 

19 

Elements of the methyl LT 

DF angular distribution at 
θi = 45° and exit angle θf 

NLT
DF(𝑡 = 2000 𝜇𝑠) from d3-Me-[C4mim][Tf2N] at θi = 45° divided by the Cartesian 

integral of ∫ IIS
F (𝜃𝑓)𝑑𝜃𝑓

80°

20°
 from d3-Me-[C4mim][Tf2N] at θi = 45° 

20 
Methyl LT DF yield at θi = 

45° 

Cartesian integral ∫ NLT
DF(𝑡 = 2000 𝜇𝑠)𝑑𝜃𝑓

80°

20°
 from d3-Me-[C4mim][Tf2N] at θi = 45° 

divided by the Cartesian integral of ∫ IIS
F (𝜃𝑓)𝑑𝜃𝑓

80°

20°
 from d3-Me-[C4mim][Tf2N] at θi = 

45° 

21 

Methyl LT DF relative 

yield percentage at θi = 

45° 

100% multiplied by the methyl LT DF yield at θi = 45° divided by the sum of the 
methyl LT DF yield at θi = 45° and the ring LT DF yield at θi = 45° 

22 

Elements of the methyl LT 

DF angular distribution at 

θi = 60° and exit angle θf 

NLT
DF(𝑡 = 2000 𝜇𝑠) from d3-Me-[C4mim][Tf2N] at θi = 60° divided by the Cartesian 

integral of ∫ IIS
F (𝜃𝑓)𝑑𝜃𝑓

80°

20°
 from d3-Me-[C4mim][Tf2N] at θi = 60° 

23 
Methyl LT DF yield at θi = 

60° 

Cartesian integral ∫ NLT
DF(𝑡 = 2000 𝜇𝑠)𝑑𝜃𝑓

80°

20°
 from d3-Me-[C4mim][Tf2N] at θi = 60° 

divided by the Cartesian integral of ∫ IIS
F (𝜃𝑓)𝑑𝜃𝑓

80°

20°
 from d3-Me-[C4mim][Tf2N] at θi = 

60° 

24 

Methyl LT DF relative 

yield percentage at θi = 
60° 

100% multiplied by the methyl LT DF yield at θi = 60° divided by the sum of the 

methyl LT DF yield at θi = 60° and the ring LT DF yield at θi = 60° 

 

Table S5:  Procedures used to derive site-resolved yields and angular distributions from the ring group.  

See Tables S3 and S4 for the corresponding procedures used to derive site-resolved yields and angular 

distributions from the butyl and methyl groups.  A crude correction factor for incomplete deuteration of 

the imidazolium ring is shown in blue.  Note that IS HF angular distributions from the ring group are 

scaled so the Cartesian area between θf = 20° and θf = 80° is equal to 1. 

 

Row Scattering Signal Derivation of Scattering Signal 

1 

Elements of the ring IS HF 

angular distribution at θi = 
30° and exit angle θf 

IIS
DF(𝜃𝑓) from d6-[C4mim][Tf2N] at θi = 30° divided by the Cartesian integral 

∫ IIS
F (𝜃𝑓)𝑑𝜃𝑓

80°

20°
 from d6-[C4mim][Tf2N] at θi = 30° minus IIS

DF(𝜃𝑓) from d3-Me-

[C4mim][Tf2N] at θi = 30° divided by the Cartesian integral ∫ IIS
F (𝜃𝑓)𝑑𝜃𝑓

80°

20°
 from d3-

Me-[C4mim][Tf2N] at θi = 30°. The resulting angular distribution element is divided 
by the Cartesian integral of the full angular distribution between θf = 20° and θf = 80° 
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2 
Ring IS HF yield at θi = 

30° 

Cartesian integral 
100

92
∫ IIS

DF(𝜃𝑓)𝑑𝜃𝑓
80°

20°
 from d6-[C4mim][Tf2N] at θi = 30° divided by 

the Cartesian integral ∫ IIS
F (𝜃𝑓)𝑑𝜃𝑓

80°

20°
 from d6-[C4mim][Tf2N] at θi = 30° minus the 

Cartesian integral 
100

92
∫ IIS

DF(𝜃𝑓)𝑑𝜃𝑓
80°

20°
 from d3-Me-[C4mim][Tf2N] at θi = 30° divided 

by the Cartesian integral ∫ IIS
F (𝜃𝑓)𝑑𝜃𝑓

80°

20°
 from d3-Me-[C4mim][Tf2N] at θi = 30° 

3 
Ring IS HF relative yield 

percentage at θi = 30° 

100% multiplied by the ring IS HF yield at θi = 30° divided by the sum of the butyl IS 

HF yield at θi = 30°, the methyl IS HF yield at θi = 30°, and the ring IS HF yield at θi 
= 30°  

4 

Elements of the ring IS HF 

angular distribution at θi = 
45° and exit angle θf 

IIS
DF(𝜃𝑓) from d3-im-[C4mim][Tf2N] at θi = 45° divided by the Cartesian integral 

∫ IIS
DF(𝜃𝑓)𝑑𝜃𝑓

80°

20°
 from d3-im-[C4mim][Tf2N] at θi = 45° 

5 
Ring IS HF yield at θi = 

45° 

Cartesian integral 
100

92
∫ IIS

DF(𝜃𝑓)𝑑𝜃𝑓
80°

20°
 from d3-im-[C4mim][Tf2N] at θi = 45° divided 

by the Cartesian integral ∫ IIS
F (𝜃𝑓)𝑑𝜃𝑓

80°

20°
 from d3-im-[C4mim][Tf2N] at θi = 45° 

6 
Ring IS HF relative yield 

percentage at θi = 45° 

100% multiplied by the ring IS HF yield at θi = 45° divided by the sum of the butyl IS 

HF yield at θi = 45°, the methyl IS HF yield at θi = 45°, and the ring IS HF yield at θi 

= 45° 

7 
Elements of the ring IS HF 
angular distribution at θi = 

60° and exit angle θf 

IIS
DF(𝜃𝑓) from d6-[C4mim][Tf2N] at θi = 60° divided by the Cartesian integral 

∫ IIS
F (𝜃𝑓)𝑑𝜃𝑓

80°

20°
 from d6-[C4mim][Tf2N] at θi = 60° minus IIS

DF(𝜃𝑓) from d3-Me-

[C4mim][Tf2N] at θi = 60° divided by the Cartesian integral ∫ IIS
F (𝜃𝑓)𝑑𝜃𝑓

80°

20°
 from d3-

Me-[C4mim][Tf2N] at θi = 60°. The resulting angular distribution element is divided 

by the Cartesian integral of the full angular distribution between θf = 20° and θf = 80° 

8 
Ring IS HF yield at θi = 

60° 

Cartesian integral 
100

92
∫ IIS

DF(𝜃𝑓)𝑑𝜃𝑓
80°

20°
 from d6-[C4mim][Tf2N] at θi = 60° divided by 

the Cartesian integral ∫ IIS
F (𝜃𝑓)𝑑𝜃𝑓

80°

20°
 from d6-[C4mim][Tf2N] at θi = 60° minus the 

Cartesian integral 
100

92
∫ IIS

DF(𝜃𝑓)𝑑𝜃𝑓
80°

20°
 from d3-Me-[C4mim][Tf2N] at θi = 60° divided 

by the Cartesian integral ∫ IIS
F (𝜃𝑓)𝑑𝜃𝑓

80°

20°
 from d3-Me-[C4mim][Tf2N] at θi = 60° 

9 
Ring IS HF relative yield 

percentage at θi = 60° 

100% multiplied by the ring IS HF yield at θi = 60° divided by the sum of the butyl IS 

HF yield at θi = 60°, the methyl IS HF yield at θi = 60°, and the ring IS HF yield at θi 
= 60° 

10 
Ring TD HF yield at θi = 

30° 

Cartesian integral 
100

92
∫ ITD

DF(𝜃𝑓)𝑑𝜃𝑓
80°

20°
 from d6-[C4mim][Tf2N] at θi = 30° divided by 

the Cartesian integral ∫ IIS
F (𝜃𝑓)𝑑𝜃𝑓

80°

20°
 from d6-[C4mim][Tf2N] at θi = 30° minus the 

Cartesian integral 
100

92
∫ ITD

DF(𝜃𝑓)𝑑𝜃𝑓
80°

20°
 from d3-Me-[C4mim][Tf2N] at θi = 30° divided 

by the Cartesian integral ∫ IIS
F (𝜃𝑓)𝑑𝜃𝑓

80°

20°
 from d3-Me-[C4mim][Tf2N] at θi = 30° 
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11 
Ring TD HF relative yield 

percentage at θi = 30° 

100% multiplied by the ring TD HF yield at θi = 30° divided by the sum of the butyl 
TD HF yield at θi = 30°, the methyl TD HF yield at θi = 30°, and the ring TD HF yield 

at θi = 30° 

12 
Ring TD HF yield at θi = 

45° 

Cartesian integral 
100

92
∫ ITD

DF(𝜃𝑓)𝑑𝜃𝑓
80°

20°
 from d3-im-[C4mim][Tf2N] at θi = 45° divided 

by the Cartesian integral of ∫ IIS
F (𝜃𝑓)𝑑𝜃𝑓

80°

20°
 from d3-im-[C4mim][Tf2N] at θi = 45° 

13 
Ring TD HF relative yield 

percentage at θi = 45° 

100% multiplied by the ring TD HF yield at θi = 45° divided by the sum of the butyl 

TD HF yield at θi = 45°, the methyl TD HF yield at θi = 45°, and the ring TD HF yield 
at θi = 45° 

14 
Ring TD HF yield at θi = 

60° 

Cartesian integral 
100

92
∫ ITD

DF(𝜃𝑓)𝑑𝜃𝑓
80°

20°
 from d6-[C4mim][Tf2N] at θi = 60° divided by 

the Cartesian integral ∫ IIS
F (𝜃𝑓)𝑑𝜃𝑓

80°

20°
 from d6-[C4mim][Tf2N] at θi = 60° minus the 

Cartesian integral 
100

92
∫ ITD

DF(𝜃𝑓)𝑑𝜃𝑓
80°

20°
 from d3-Me-[C4mim][Tf2N] at θi = 60° divided 

by the Cartesian integral ∫ IIS
F (𝜃𝑓)𝑑𝜃𝑓

80°

20°
 from d3-Me-[C4mim][Tf2N] at θi = 60° 

15 
Ring TD HF relative yield 

percentage at θi = 60° 

100% multiplied by the ring TD HF yield at θi = 60° divided by the sum of the butyl 

TD HF yield at θi = 60°, the methyl TD HF yield at θi = 60°, and the ring TD HF yield 

at θi = 60° 

16 
Elements of the ring LT 

DF angular distribution at 

θi = 30° and exit angle θf 

100

92
NLT

DF(𝑡 = 2000 𝜇𝑠) from d6-[C4mim][Tf2N] at θi = 30° divided by the Cartesian 

integral of ∫ IIS
F (𝜃𝑓)𝑑𝜃𝑓

80°

20°
 from d6-[C4mim][Tf2N] at θi = 30° minus 

100

92
NLT

DF(𝑡 =

2000 𝜇𝑠) from d3-Me-[C4mim][Tf2N] at θi = 30° divided by the Cartesian integral of 

∫ IIS
F (𝜃𝑓)𝑑𝜃𝑓

80°

20°
 from d3-Me-[C4mim][Tf2N] at θi = 30° 

17 
Ring LT DF yield at θi = 

30° 

Cartesian integral 
100

92
∫ NLT

DF(𝑡 = 2000 𝜇𝑠)𝑑𝜃𝑓
80°

20°
 from d6-[C4mim][Tf2N] at θi = 30° 

divided by the Cartesian integral of ∫ IIS
F (𝜃𝑓)𝑑𝜃𝑓

80°

20°
 from d6-[C4mim][Tf2N] at θi = 30° 

minus Cartesian integral 
100

92
∫ NLT

DF(𝑡 = 2000 𝜇𝑠)𝑑𝜃𝑓
80°

20°
 from d3-Me-[C4mim][Tf2N] 

at θi = 30° divided by the Cartesian integral of ∫ IIS
F (𝜃𝑓)𝑑𝜃𝑓

80°

20°
 from d3-Me-

[C4mim][Tf2N] at θi = 30° 

18 
Ring LT DF relative yield 

percentage at θi = 30° 

100% multiplied by the ring LT DF yield at θi = 30° divided by the sum of the methyl 

LT DF yield at θi = 30° and the ring LT DF yield at θi = 30° 

19 

Elements of the ring LT 

DF angular distribution at 
θi = 45° and exit angle θf 

100

92
NLT

DF(𝑡 = 2000 𝜇𝑠) from d3-im-[C4mim][Tf2N] at θi = 45° divided by the Cartesian 

integral of ∫ IIS
F (𝜃𝑓)𝑑𝜃𝑓

80°

20°
 from d3-im-[C4mim][Tf2N] at θi = 45° 
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C.  Molecular Dynamics Simulations.  Classical and polarizable molecular 

dynamics (MD) simulations were used to model the [C4mim][Tf2N] liquid-vacuum 

interface for comparison with experimental scattering data.  All classical MD simulations 

were performed with GROMACS 2018.1203.  The Canongia Lopes and Páuda (CLAP) 

additions to the OPLS-AA forcefield were used to describe all intramolecular and 

intermolecular interactions of liquid [C4mim][Tf2N]204-205.  All parameter typographical 

errors in the original CLAP publications206 were corrected.  

20 
Ring LT DF yield at θi = 

45° 

Cartesian integral 
100

92
∫ NLT

DF(𝑡 = 2000 𝜇𝑠)𝑑𝜃𝑓
80°

20°
 from d3-im-[C4mim][Tf2N] at θi = 

45° divided by the Cartesian integral of ∫ IIS
F (𝜃𝑓)𝑑𝜃𝑓

80°

20°
 from d3-im-[C4mim][Tf2N] at 

θi = 45° 

21 
Ring LT DF relative yield 

percentage at θi = 45° 

100% multiplied by the ring LT DF yield at θi = 45° divided by the sum of the methyl 

LT DF yield at θi = 45° and the ring LT DF yield at θi = 45° 

22 

Elements of the ring LT 

DF angular distribution at 
θi = 60° and exit angle θf 

100

92
NLT

DF(𝑡 = 2000 𝜇𝑠) from d6-[C4mim][Tf2N] at θi = 60° divided by the Cartesian 

integral of ∫ IIS
F (𝜃𝑓)𝑑𝜃𝑓

80°

20°
 from d6-[C4mim][Tf2N] at θi = 60° minus 

100

92
NLT

DF(𝑡 =

2000 𝜇𝑠) from d3-Me-[C4mim][Tf2N] at θi = 60° divided by the Cartesian integral of 

∫ IIS
F (𝜃𝑓)𝑑𝜃𝑓

80°

20°
 from d3-Me-[C4mim][Tf2N] at θi = 60° 

23 
Ring LT DF yield at θi = 

60° 

Cartesian integral 
100

92
∫ NLT

DF(𝑡 = 2000 𝜇𝑠)𝑑𝜃𝑓
80°

20°
 from d6-[C4mim][Tf2N] at θi = 60° 

divided by the Cartesian integral of ∫ IIS
F (𝜃𝑓)𝑑𝜃𝑓

80°

20°
 from d6-[C4mim][Tf2N] at θi = 60° 

minus Cartesian integral 
100

92
∫ NLT

DF(𝑡 = 2000 𝜇𝑠)𝑑𝜃𝑓
80°

20°
 from d3-Me-[C4mim][Tf2N] 

at θi = 60° divided by the Cartesian integral of ∫ IIS
F (𝜃𝑓)𝑑𝜃𝑓

80°

20°
 from d3-Me-

[C4mim][Tf2N] at θi = 60° 

24 
Ring LT DF relative yield 

percentage at θi = 60° 
100% multiplied by the ring LT DF yield at θi = 60° divided by the sum of the methyl 

LT DF yield at θi = 60° and the ring LT DF yield at θi = 60° 
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Updated OPLS-AA torsional parameters for the CCCC, CCCH, and HCCH dihedrals207 

were used in place of the values reported in the original OPLS-AA publication208.  To 

verify the correct implementation of the CLAP forcefield, torsional potential energy 

surfaces for the [Tf2N]– SNSC dihedral (Figure S9) and the [C4mim]+ CCCC dihedral 

angle (Figure S10) are compared to quantum mechanical predictions computed with 

ORCA 4.0.1.2209 at the same level of theory used to derive the CLAP forcefield parameters. 

The procedure to model the [C4mim][Tf2N] liquid-vacuum interface was similar to 

that used in previous publications3, 180 and was accomplished in two phases.  In the first 

phase, a model of the liquid bulk was constructed, equilibrated, and analyzed.  Packmol210 

was used to pack 640 ion pairs into a rectangular unit cell with a minimum atom-atom 

distance of 2 Å.  This initial structure was then relaxed using steepest descent energy 

minimization under 3D periodic boundary conditions until the largest cartesian force 

component on any atom was smaller than 100 kJ mol-1 nm-1 (1.66 × 10−10 N atom-1).  

 
Figure S9.  Torsional potential energy surfaces for the [Tf2N]– SNSC dihedral angle.  A SNSC dihedral 

angle of 0° corresponds to the cis configuration.   Each PES was constructed from 36 independent QM 

or MM potential energy calculations prepared by constraining one SNSC dihedral angle to 92.89°, 

constraining the other SNSC dihedral to a value between –180° and +170° in 10° increments, and relaxing 

the remaining degrees of freedom to an energy minimum. 
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Following energy minimization, random velocity components consistent with a liquid 

temperature of 323.15 K were assigned to all atoms and the molecular dynamics were 

propagated for 1 ns under NPT conditions with all charges set to zero (Table S6, step 1).  

The resulting structure was then propagated for 1 ns under NPT conditions with all charges 

set to 10% of the value specified by the CLAP forcefield (Table S6, step 2).  Next, an NPT 

simulated annealing procedure was carried out with all charges set to the values specified 

by the CLAP forcefield (Table S6, steps 3-6).  Following a brief transitional NPT 

simulation with modified cutoff and PME grid settings, the system was propagated under 

NVT conditions for 10 ns with a Nose-Hoover thermostat (Table S6, steps 7 and 8).  The 

final frame of this NVT simulation was used to launch a 60 ns NPT trajectory with a Nose-

Hoover thermostat and Parrinello-Rahman barostat (Table S6, step 9).  The final 30 ns of 

this NPT trajectory yielded a bulk density of 1.4791 g cm-3, a [C4mim]+ self-diffusion 

constant of 7.7 × 10−12 m2 s-1, and a [Tf2N]– self-diffusion constant of 5.4 × 10−12 m2 s-

 
Figure S10.  Torsional potential energy surfaces for the [C4mim]+ CCCC dihedral angle.  A CCCC 

dihedral angle of 0° corresponds to the cis configuration.  Each PES was constructed from 36 independent 

QM or MM potential energy calculations prepared by constraining the CCCC dihedral angle to a value 

between –180° and +170° in 10° increments and relaxing the remaining degrees of freedom to an energy 

minimum. 



107 

 
1.  These values are in reasonable agreement with experimental measurements: 1.4162 g 

cm-3 for the bulk density211, 6.8 × 10−11 m2 s-1 for the self-diffusion constant of 

[C4mim]+211, and 5.6 × 10−11 m2 s-1 for the self-diffusion constant of [Tf2N]–211.  Note that 

the bulk density predicted by our CLAP simulations is in excellent agreement with the 

interpolated prediction of 1.46 g cm-3 at 323.15 K obtained from prior simulation work 

with the CLAP model205.  Also, diffusion constants obtained from classical molecular 

dynamics simulations of ionic liquids are often found to be significantly smaller than those 

measured experimentally212.  This discrepancy is consistent with the results obtained here 

and may result from the omission of electronic polarization effects in classical MD 

simulations213. 

 

Table S6:  Selected settings for the molecular dynamics simulations used to prepare a model of the liquid-

vacuum interface of [C4mim][Tf2N].  All steps apply 3D periodic boundary conditions (PBC), CH bond 

constraints, and smooth Particle-Mesh Ewald (PME) long-range electrostatics with 6th order charge 

interpolation.  The relative strength of the Ewald-shifted potential at the Coulomb cutoff was set to 10−5.  

When two reference temperatures are specified, the simulation linearly interpolates between the two 

temperatures across the duration of that step.  Initial coordinates for step 1 were obtained from the final 

coordinates of a steepest descent energy minimization.  Initial coordinates for step 10 were prepared from 

a snapshot of the coordinates from the step 9 trajectory at a simulation time of 30 ns.  This raw snapshot 

was edited to make molecules that are broken across the PBC unit cell whole, to extend the z-axis of the 

PBC unit cell by a factor of 3, and to center the resulting liquid slab in the PBC unit cell.  For all other 

steps, initial coordinates were obtained from the final coordinates of the previous step. 

 

Step Charge Barostat Settings Thermostat Settings 

Maximum 

PME grid 

spacing 

Cutoffs 
Time 

step 
Duration 

1 
0% 

CLAP 

Method: 
Berendsen 

Reference Pressure: 

1.01325 bar 
Time Constant: 

1 ps 

Method: 

Velocity Rescaling 

Reference 

Temperature: 

323.15 K 

Time Constant: 

0.2 ps 

0.08 nm 1.5 nm 1 fs 1 ns 
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2 
10% 

CLAP 

Method: 

Berendsen 

Reference Pressure: 

1.01325 bar 
Time Constant: 

1 ps 

Method: 

Velocity Rescaling 

Reference 

Temperature: 

323.15 K 

Time Constant: 

0.2 ps 

0.08 nm 1.5 nm 1 fs 1 ns 

3 
100% 

CLAP 

Method: 

Berendsen 

Reference Pressure: 

1.01325 bar 
Time Constant: 

1 ps 

Method: 

Velocity Rescaling 

Reference 

Temperature: 

323.15 to 500 K 

Time Constant: 

0.2 ps 

0.08 nm 1.5 nm 2 fs 1 ns 

4 
100% 

CLAP 

Method: 

Berendsen 

Reference Pressure: 

1.01325 bar 
Time Constant: 

1 ps 

Method: 

Velocity Rescaling 

Reference 

Temperature: 

500 K 

Time Constant: 

0.2 ps 

0.08 nm 1.5 nm 2 fs 1 ns 

5 
100% 

CLAP 

Method: 

Berendsen 

Reference Pressure: 

1.01325 bar 
Time Constant: 

1 ps 

Method: 

Velocity Rescaling 

Reference 

Temperature: 

500 to 323.15 K 

Time Constant: 

0.2 ps 

0.08 nm 1.5 nm 2 fs 1 ns 

6 
100% 

CLAP 

Method: 

Berendsen 

Reference Pressure: 

1.01325 bar 
Time Constant: 

1 ps 

Method: 

Velocity Rescaling 

Reference 

Temperature: 

323.15 K 

Time Constant: 

0.2 ps 

0.08 nm 1.5 nm 2 fs 2 ns 

7 
100% 

CLAP 

Method: 

Berendsen 

Reference Pressure: 

1.01325 bar 
Time Constant: 

1 ps 

Method: 

Velocity Rescaling 

Reference 

Temperature: 

323.15 K 

Time Constant: 

0.2 ps 

0.12 nm 1.2 nm 2 fs 1 ns 

8 
100% 

CLAP 
None 

Method: 

Nose-Hoover 

Reference 

Temperature: 

323.15 K 

Time Constant: 

3 ps 

0.12 nm 1.2 nm 2 fs 10 ns 

9 
100% 

CLAP 

Method: 

Parrinello-Rahman 

Reference Pressure: 

1.01325 bar 
Time Constant: 

1 ps 

Method: 

Nose-Hoover 

Reference 

Temperature: 

323.15 K 

Time Constant: 

3 ps 

0.12 nm 1.2 nm 1 fs 60 ns 
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In the second phase, a model of the [C4mim][Tf2N] liquid-vacuum interface was 

constructed, equilibrated, and analyzed.  Initial coordinates for a vacuum-liquid-vacuum 

slab system were prepared by extracting a snapshot of the bulk production run trajectory 

(Table S6, step 9) at 30 ns, extending the z-axis of the PBC unit cell by a factor of 3 and 

centering the liquid slab in this new unit cell.  These initial coordinates were subjected to 

an NVT simulated annealing procedure with all charges set to the values specified by the 

10 
100% 

CLAP 
None 

Method: 

Velocity Rescaling 

Reference 

Temperature: 

323.15 to 500 K 

Time Constant: 

0.2 ps 

0.08 nm 1.5 nm 2 fs 1 ns 

11 
100% 

CLAP 
None 

Method: 

Velocity Rescaling 

Reference 

Temperature: 

500 K 

Time Constant: 

0.2 ps 

0.08 nm 1.5 nm 2 fs 1 ns 

12 
100% 

CLAP 
None 

Method: 

Velocity Rescaling 

Reference 

Temperature: 

500 to 323.15 K 

Time Constant: 

0.2 ps 

0.08 nm 1.5 nm 2 fs 1 ns 

13 
100% 

CLAP 
None 

Method: 

Velocity Rescaling 

Reference 

Temperature: 

323.15 K 

Time Constant: 

0.2 ps 

0.08 nm 1.5 nm 2 fs 2 ns 

14 
100% 

CLAP 
None 

Method: 

Nose-Hoover 

Reference 

Temperature: 

323.15 K 

Time Constant: 

3 ps 

0.12 nm 1.2 nm 1 fs 30 ns 
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CLAP forcefield (Table S6, steps 10-13).  The final coordinates of the simulated annealing 

procedure were used to launch a 30 ns NVT trajectory with a Nose-Hoover thermostat 

(Table S6, step 14).  The final 20 ns of this NVT trajectory yielded a surface tension of 

34.4 mN m-1 when long range dispersion corrections were applied.  Although long range 

dispersion corrections are not formally correct for the anisotropic liquid-vacuum interface, 

the computed surface tension compares favorably with the experimental value of 31.92 mN 

m-1 at 323.15 K214.  The final coordinates of this NVT trajectory are used as initial 

coordinates for a polarizable core-shell molecular dynamics simulation with parameters 

specifically developed to augment the non-polarizable CLAP model with an electronic 

 
Figure S11.  Demonstration of the sphere-drop method for quantifying the [C4mim][Tf2N] atoms exposed 

to vacuum in a vacuum-liquid-vacuum slab configuration.  All three periodic boundary condition (PBC) 

unit cells shown have an identical configuration of liquid atoms obtained from a snapshot of the trajectory 

from step 9 in Table S6 at 30 ns.  Liquid atoms are represented as hard Van der Waals spheres with zero 

velocity and radii equivalent to half of the Lennard-Jones sigma parameter from the CLAP forcefield.  A 

close-packed sheet of probe spheres with rProbe = 0.0735 nm were initialized in the unit cell at z = zmax 

with a negative velocity in the z direction or at z = 0 and a positive velocity in the z direction.  Interface 

atoms are defined as all liquid atoms that experience a hard-sphere collision with a probe atom.  For 

clarity, only probe spheres and interface atoms associated with the upper liquid-vacuum interface of the 

slab are shown. 
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degree of freedom191-192.  These polarizable MD simulations were executed with a branch 

of GROMACS 2016 that implements a dual-thermostat extended Lagrangian algorithm to 

efficiently approximate the dynamics of the core-shell system on a Born-Oppenheimer 

potential energy surface193.  All non-hydrogen atoms were relabeled as core particles and 

reduced in mass by 0.4 amu.  A shell particle with a mass of 0.4 amu was attached to each 

core particle with a 418400 kJ mol-1 nm-1 harmonic force constant.  The charges on each 

core-shell particle pair were derived from atomic polarizabilities191 and the requirement 

that the pair of charges sum to the atom charge specified by the CLAP forcefield.  Thole 

functions with a coefficient of 2.6 were used to screen intramolecular coulomb interactions 

between core-shell pairs separated by one or two bonds.  One Nosé-Hoover thermostat was 

applied to all shell particles to maintain a temperature of 1K.  A second Nosé-Hoover 

 
Figure S12.  Mapping cation conformations that (Left) expose at least one methyl atom to vacuum or 

(Right) expose at least one butyl atom to vacuum.  Both plots are azimuthally-averaged 2D histograms 

where cation conformations are quantified with the angles θMethyl and θButyl.  θMethyl is defined as the angle 

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

between surface normal and the vector between the first butyl methylene carbon and the last butyl methyl 

carbon.  Cations that expose butyl atoms to vacuum can be qualitatively described as orienting the methyl 

group nearly antiparallel to surface normal and the butyl group nearly parallel to surface normal.  The 

broad and bimodal conformation distribution for cations that expose methyl atoms to vacuum is analyzed 

in Figure S14.  Each histogram is a simple sum of all cations detected by applying the sphere drop method 

to 100 trajectory snapshots separated in time by 0.1 ns. 



112 

 

thermostat was applied to all hydrogen atoms and core particles to maintain a temperature 

of 323.15 K.  To prevent double counting of the induction energies, the CLAP Lennard- 

Jones interactions were scaled according to the procedure published by Páuda192.  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. 

As expected, extending the CLAP model to include ion polarization dramatically 

increases the mobility of [C4mim]+ and [Tf2N]-192.  In the slab interior, [C4mim]+ has a 

diffusion constant of 7.3 × 10−11 m2 sec-1 and [Tf2N]- has a diffusion constant of 

 
Figure S13.  Mapping cation conformations that (Left) expose at least one methyl atom to vacuum or 

(Right) expose at least one butyl atom to vacuum.  Both plots are 2D probability distributions that have 

been corrected for azimuthal averaging.  Cation conformations are quantified with the angles θMethyl and 

θButyl.  θMethyl is defined as the angle between surface normal and the N-C vector where C is the methyl 

carbon.  θButyl is defined as the angle between surface normal and the vector between the first butyl 

methylene carbon and the last butyl methyl carbon.  Cations that expose butyl atoms to vacuum can be 

qualitatively described as orienting the methyl group nearly antiparallel to surface normal and the butyl 

group nearly parallel to surface normal.  The probability distributions for both methyl and butyl are scaled 

by a single constant, so the sum of all bin amplitudes in both plots is equal to 1. 
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6.2 × 10−11 m2 sec-1.  These numbers are in excellent agreement with the experimental 

values shown earlier suggesting that the interior of the slab may be a reasonable 

approximation of the liquid bulk.  Also, the surface tension was determined to be 32.7 mN 

m-1 and is also in excellent agreement with the experimental values provided earlier.  As 

shown in Figure S11, The atoms accessible to vacuum were quantified by analyzing static 

snapshots of the vacuum-liquid-vacuum slab unit cell with the sphere drop method178.  A 

sphere radius of 0.735 angstroms was found to select surface atoms from a single, 

undulating layer of ions without large gaps or holes.  The small sphere size also helps the 

probe access crevices that are large enough to accommodate the probe but are not aligned 

with the hexagonal lattice of the initial close-packed sheet.  Approximating the surface area 

of each interface of the slab with the area of the xy cross-section of the periodic boundary 

 
Figure S14.  Cluster analysis of cation conformations that expose at least one methyl atom to vacuum.  

Cluster membership was assigned with a 1000 iteration k-means calculation with two classes and random 

initial class assignment.  35% of cation conformations that expose methyl group atoms to vacuum are 

assigned to a cation population that can be qualitatively described as orienting the methyl group nearly 

parallel to surface normal and the butyl group nearly antiparallel to surface normal.  The remaining 65% 

of cation conformations that expose methyl group atoms to vacuum are assigned to a cation population 

that can be qualitatively described as orienting the methyl group nearly perpendicular to surface normal 

and the butyl group nearly parallel to surface normal. 
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condition unit cell, the surface number density of the butyl, methyl, and ring groups with 

at least one atom accessible to vacuum show no drift across the 10 ns production run 

trajectory.  This is good evidence that the surface composition and structure is well-

equilibrated. 

 

D.  LT DF Scattering from Methyl and the Ring.  As described in the main text, the 

relative flux of the LT channel cannot be quantified because the relationship between 

product velocity and flight time is unknown.  In this study, 𝑁𝐿𝑇(𝑡) was analyzed directly 

by monitoring the average TOF amplitude in a small flight time interval centered at 2000 

μs.  Only LT DF signals were analyzed because these products must originate from reactive 

events with deuterated variants of [C4mim][Tf2N].  The LT signals for F and HF may have 

contributions from residual F atoms or HF (from F-atom reactions with residual 

hydrocarbons on the vacuum-chamber walls) that effuse slowly from the atomic-beam 

source chamber and then scatter either inelastically or reactively from the liquid interface 

many hundreds or thousands of microseconds after the pulsed hyperthermal beam reaches 

the liquid-vacuum interface.  It is also conceivable that LT F, HF, and DF signals could 

arise from successive scattering events on different surfaces in the apparatus before 

reaching the detector in the rotatable mass spectrometer.96  As seen in Figure S15, the LT 

DF TOF amplitude angular distribution from d6-[C4mim][Tf2N] shows good agreement 

with the sum of the LT DF TOF amplitude angular distributions from d3-Me-

[C4mim][Tf2N] and d3-im-[C4mim][Tf2N].  The equivalence of these two angular 

distributions demonstrates the self-consistency of the data collected from three independent 

experiments on three different liquid samples.  Note that the LT DF TOF amplitude angular 
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distributions from methyl and the ring appear to peak near the surface normal and are well-

described by a cos(θf) function with an added constant.   

If LT DF signals are not an artifact related to undesired multiple scattering events 

or chemistry with effusive gas from the source, then the behavior of this signal may contain 

information about site-specific scattering dynamics.  Our analysis indicates that the relative 

LT DF yields from methyl and the ring vary dramatically with incident angle: as θi 

increases from 30º to 45º to 60º, the ring accounts for ~25%, ~50%, and ~75%, 

respectively, of the non-butyl LT DF yield from the cation.  This behavior is qualitatively 

different from that of the IS and TD HF reaction channels (Figure 3), suggesting that the 

LT DF signal is mechanistically distinct.  The dynamical behavior of the LT DF signal is 

most consistent with a scattering pathway that couples ballistic embedding of the F atom 

beneath the outermost region of the liquid-vacuum interface with H-atom abstraction 

before thermalized diffusion of HF to the interface and desorption into vacuum.  Therefore, 

it is possible that the LT DF signal is a specific reporter of the average structure just below 

 
Figure S15.  Analysis of LT DF TOF amplitudes at t = 2000 μs (see Figure 2).  At θi = 45°, the LT DF 

TOF amplitude angular distribution from d6-[C4mim][Tf2N] shows good agreement with the sum of the 

LT DF TOF amplitude angular distributions from d3-Me-[C4mim][Tf2N] and d3-im-[C4mim][Tf2N]. 
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the liquid-vacuum interface.  As F atoms with a lower θi are expected to penetrate deeper, 

the strong increase in LT DF signal from the ring relative to methyl with increasing θi 

suggests that the ring is closer on average to the vacuum than the methyl.  Interestingly, 

this is consistent with the dominant cation conformation observed in our polarizable MD 

simulations. 

 

E.  Cosine Character in Site-Resolved IS HF Flux Angular Distributions.  The IS 

HF flux angular distributions from the cation butyl and methyl sites primarily differ in the 

relative amplitude of a scattering process with a cos(θf) angular distribution.  Figure S16 

demonstrates that the methyl IS HF flux angular distribution at each θi may be fit well with 

a linear combination of the butyl IS HF flux angular distribution at θi and a cos(θf) function.  

The fit is excellent at θi = 30° and 45°.  At θi = 60°, the IS HF flux angular distribution 

from methyl is ~3° broader and ~6° shifted toward lower θf than predicted by the fit.  It is 

possible that these minor discrepancies only arise at θi = 60° because they are a 

consequence of the smaller translational energy component normal to the interface or the 

larger average impact parameter for grazing incident angles.  Alternatively, these 

discrepancies may only appear to arise at θi = 60° because this incident angle has the 

smallest amount of cos(θf) character, making it easier to resolve differences between the fit 

and the methyl IS HF flux angular distribution. 

In contrast to the incident-angle-dependent differences between the IS HF flux 

angular distributions from the butyl and methyl sites, the IS HF flux angular distributions 

from the methyl and ring sites are similar for θi = 45° and 60°.  As shown in Figure S17, 

the IS HF flux angular distribution from the ring at θi = 45° can be fit with a linear 
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combination of the IS HF flux angular distribution from methyl and a cos(θf) function.  At 

this incident angle, the IS HF flux angular distributions from the methyl and ring sites are 

nearly identical, resulting in a fit with a low cos(θf) component.  At θi = 60°, a similar fit is 

complicated by the low signal-to-noise (S/N) ratio and the appearance of poorly resolved, 

sharp features in the IS HF flux angular distribution from the ring above θf = 15°.  These 

sharp features may be the result of rainbow scattering215, but the poor S/N precludes a 

detailed analysis that could confirm this supposition.  Restricting the fit to angles below θf 

= 15°, the cos(θf) component has a small weight of 7%.  Also, when comparing the IS HF 

flux angular distribution from the ring to its fit (lower right panel of Figure S17), no change 

in the width or position of the broad signal envelope above θf = 15° can be resolved. 

Together, Figs. S16 and S17 demonstrate that the IS HF flux angular distributions 

from the butyl group are neither as broad nor as peaked toward the interfacial normal as 

 
Figure S16.  At θi = 30°, 45°, and 60°, the IS HF flux angular distribution from the methyl group can be 

fit by a linear combination of the IS HF flux angular distribution from the butyl group and a cos(θf) 

function. 



118 

 

the IS HF flux angular distributions from methyl and the ring at θi = 60°.  This pattern 

correlates well with the site-dependent trends in IS HF cos(θf) character and in the IS/TD 

HF flux ratio.  Specifically, at all incident angles, the IS HF flux angular distributions from 

butyl have less cos(θf) content and a higher IS/TD HF flux ratio (see SI.II.F) than those 

from methyl or the ring, which have similar cos(θf) content and similar IS/TD HF flux 

ratios.  As discussed in the main text, it is likely that additional collisions before or after 

the reactive event are responsible for all three trends.  Thus, the dynamical behavior of 

hyperthermal reactive-atom scattering can be used to characterize the local environment of 

specific chemical groups at the liquid-vacuum interface by the probability of secondary 

collisions of the probe atom or the reactive product.  These secondary collision signatures 

 
 

Figure S17.  (Top) At θi = 45°, the IS HF flux angular distribution from the ring (green symbols and 

lines) can be fit by a linear combination of the IS HF flux angular distribution from the methyl group and 

a cos(θf) function.  (Bottom) A similar fit at θi = 60° is used to demonstrate that the IS HF flux angular 

distribution peak from the ring closely approximates 0.07∙cos(θf) + 0.93∙methyl in position and width. 
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provide a new and unique metric of local interfacial structure that is highly complementary 

to measurements that attempt to quantify the relative number density of different chemical 

groups accessible to vacuum at the liquid-vacuum interface.  At the liquid-vacuum 

interface of [C4mim][Tf2N], reactive scattering from butyl is associated with fewer 

secondary collisions than reactive scattering from methyl or the ring.  This inference is 

consistent with a picture where accessible butyl groups protrude into the vacuum and the 

accessible methyl and ring groups do not. 

Figure S16 shows that the magnitude of the IS HF cos(θf) component that needs to 

be added to the IS HF flux angular distribution from butyl to bring it into agreement with 

that from methyl decreases with increasing θi.  The precise origin of this trend is currently 

unknown.  However, this trend is inconsistent with any mechanism that depends 

significantly on F-atom collisions with liquid atoms before reaching the reaction site.  If 

such a mechanism were important, it is reasonable to assume that the difference in 

scattering trajectory path length from sites that have different positions relative to the liquid 

bulk would be an important parameter controlling relative cos(θf) character.  Increasing θi 

should increase this trajectory path length difference which should increase the relative F-

atom collision probability and the relative magnitude of any IS HF cos(θf) component 

formed by subsequent reactive events.  This predicted trend is the reverse of that shown in 

Figure S16. 

 

F.  IS/TD HF Flux Ratios.  IS/TD HF flux ratios contain information about the 

pathways that lead to HF formation at specific sites.  In general, TD HF products can be 

produced by (i) F-atom reactions at hyperthermal energies followed by trapping and 
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desorption of HF or (ii) reactions of trapped F-atoms in thermal equilibrium and subsequent 

desorption of HF.  Given the high reactivity of thermal F atoms, TD HF products produced 

by pathway (ii) may still be produced close to the initial collision site.  Under this 

reasonable assumption, the site-resolved IS/TD HF flux ratios should reflect the branching 

between HF direct scattering and F or HF trapping near the initial collision site.  Given that 

F and HF trapping must be mediated by collision-induced dissipation of excess 

translational and internal energy, the site-resolved IS/TD HF flux ratios should be inversely 

correlated with indicators of the extent of F or HF secondary collisions.  Decreasing θi is 

expected to result in lower deflection angles (χ = 180 − 𝜃𝑖 − 𝜃𝑓), higher average 

collisional energy transfers, and recoil directions with a higher probability of secondary 

collisions with other liquid atoms.  Indeed, as shown in Table S7, the site-specific IS/TD 

flux ratio increases with θi, especially for butyl, where secondary collisions are least 

probable.  Also, as discussed in the context of Figure 4 and in section SI.II.E, site-resolved 

flux angular distributions suggest that IS HF scattering from the methyl and ring sites 

involves more secondary collisions than IS HF scattering from the butyl group.  Again, the 

IS/TD HF flux ratio, which is higher for HF produced from butyl than HF produced from 

methyl or the ring, increases for scattering trajectories where secondary collisions are 

Table S7:  IS/TD HF flux ratios from the butyl, methyl, and ring sites as a function of θi.  Note that the 

absolute magnitude and range of these numbers is somewhat arbitrary and related to our convention for 

quantifying the IS and TD flux (Cartesian integrals of each angular distribution between θf = 20° and θf 

= 80°).  However, relative trends are meaningful.  See Tables S3-S5 for details on the calculation of IS 

and TD fluxes.   
θi Butyl Methyl Ring 

30° 1.1 0.79 0.56 

45° 2.0 2.0 1.2 

60° 3.7 1.2 1.4 
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expected to be reduced.  Thus, the IS/TD HF flux ratios are consistent with expected trends 

in the extent of secondary collisions in HF production. 

 

G.  Cation Inversion Ratio.  As described in the main text, site-resolved reactive F-

atom scattering from the liquid-vacuum interface of [C4mim][Tf2N] at 323 K implies the 

existence of at least two distinct cation configurations at the liquid-vacuum interface: a 

dominant population associated with cation configurations where the butyl group is 

exposed to vacuum and the methyl group is not and one or more minority populations 

associated with cation configurations where the methyl group is exposed to vacuum 

(Figure 4D).  Note that the current experiment does not provide detailed information on 

the environment of the butyl group for cations in a minority configuration.  If several 

assumptions are made, the cation inversion ratio can be estimated from the site-resolved IS 

HF flux percentage data shown in Figure 3A.  Specifically, it is useful to assume that (i) 

cations at the liquid-vacuum interface only exist in majority or minority configurations, (ii) 

cations at the liquid-vacuum interface in a minority configuration either do not expose butyl 

H atoms to vacuum or do not significantly contribute to the population of vacuum-

accessible butyl H atoms, (iii) the IS HF yield from butyl groups accessible to vacuum is 3 

times greater than the IS HF yield from methyl groups accessible to vacuum, (iv) all butyl 

groups at the liquid-vacuum interface contribute equally to the observed IS HF yield, and 

(v) all methyl groups at the liquid-vacuum interface contribute equally to the observed IS 

HF yield.  Given these assumptions,  

3 𝑃𝑀𝑎𝑗𝑜𝑟𝑖𝑡𝑦

𝑃𝑀𝑖𝑛𝑜𝑟𝑖𝑡𝑦
≈

𝑄𝐵𝑢𝑡𝑦𝑙

𝑄𝑀𝑒𝑡ℎ𝑦𝑙
≡ 𝑅 
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where 𝑃𝑀𝑎𝑗𝑜𝑟𝑖𝑡𝑦 is the percentage of cations in the majority configuration, 𝑃𝑀𝑖𝑛𝑜𝑟𝑖𝑡𝑦 is the 

percentage of cations in minority configurations, 𝑄𝐵𝑢𝑡𝑦𝑙 is the IS HF flux percentage from 

the butyl group, and 𝑄𝑀𝑒𝑡ℎ𝑦𝑙 is the IS HF flux percentage from the methyl group.  Given 

that 𝑃𝑀𝑎𝑗𝑜𝑟𝑖𝑡𝑦 + 𝑃𝑀𝑖𝑛𝑜𝑟𝑖𝑡𝑦 = 100,  𝑃𝑀𝑎𝑗𝑜𝑟𝑖𝑡𝑦 and 𝑃𝑀𝑖𝑛𝑜𝑟𝑖𝑡𝑦 can be calculated from the ratio 

R (see Table S8).  The variation of 𝑃𝑀𝑎𝑗𝑜𝑟𝑖𝑡𝑦 and 𝑃𝑀𝑖𝑛𝑜𝑟𝑖𝑡𝑦 with θi may be a consequence 

of higher-order scattering phenomena neglected in this analysis (e.g., site- and incident-

angle dependent out-of-plane scattering).  Averaging over the three incident angles studied, 

�̅�𝑀𝑎𝑗𝑜𝑟𝑖𝑡𝑦 ~ 80% and �̅�𝑀𝑖𝑛𝑜𝑟𝑖𝑡𝑦 ~ 20%.  This purely experimental estimate of �̅�𝑀𝑖𝑛𝑜𝑟𝑖𝑡𝑦  is 

in good agreement with the results of our polarizable molecular dynamics simulation in 

SI.II.C.  In this simulation, the methyl groups are approximately 17% of the total number 

of butyl and methyl groups accessible to vacuum. 

 

  

Table S8.  Quantities used to estimate 𝑃𝑀𝑎𝑗𝑜𝑟𝑖𝑡𝑦 and 𝑃𝑀𝑖𝑛𝑜𝑟𝑖𝑡𝑦 at the liquid-vacuum interface of 

[C4mim][Tf2N] at 323 K. 

 
θi 𝑸𝑩𝒖𝒕𝒚𝒍 𝑸𝑴𝒆𝒕𝒉𝒚𝒍 R 𝑷𝑴𝒂𝒋𝒐𝒓𝒊𝒕𝒚 𝑷𝑴𝒊𝒏𝒐𝒓𝒊𝒕𝒚 

30° 91 7.6 12 80% 20% 

45° 89 9.5 9.4 76% 24% 

60° 93 5.5 17 85% 15% 

 



123 

 

References Cited 

 

 

(3) Tesa-Serrate, M. A.; Marshall, B. C.; Smoll, E. J., Jr.; 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. 

(4) Alexander, W. A.; Wiens, J. P.; Minton, T. K.; Nathanson, G. M. Reactions of 

solvated electrons initiated by sodium atom ionization at the vacuum-liquid 

interface. Science 2012, 335, 1072-1075. 

(8) Zhang, J.; Garton, D. J.; Minton, T. K. Reactive and inelastic scattering dynamics 

of hyperthermal oxygen atoms on a saturated hydrocarbon surface. J. Chem. Phys. 

2002, 117, 6239-6251. 

(84) Zhang, J.; Upadhyaya, H. P.; Brunsvold, A. L.; Minton, T. K. Hyperthermal 

reactions of O and O2 with a hydrocarbon surface: Direct C-C bond breakage by 

O and H-atom abstraction by O2. J. Phys. Chem. B 2006, 110, 12500-12511. 

(96) Zolot, A. M.; Dagdigian, P. J.; Nesbitt, D. J. Quantum-state resolved reactive 

scattering at the gas-liquid interface: F + squalane (C30H62) dynamics via high-

resolution infrared absorption of nascent HF(v, J). J. Chem. Phys. 2008, 129, 

194705. 

(121) Lovelock, K. R. J. Influence of the ionic liquid/gas surface on ionic liquid 

chemistry. Phys. Chem. Chem. Phys. 2012, 14, 5071-5089. 

(123) Martinez, I. 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. 

(128) Villar-Garcia, I. 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, 5, 4404-4418. 

(130) Nakajima, K.; Ohno, A.; Hashimoto, H.; Suzuki, M.; Kimura, K. Observation of 

surface structure of 1-alkyl-3-methylimidazolium 



124 

 

bis(trifluoromethanesulfonyl)imide using high-resolution Rutherford 

backscattering spectroscopy. J. Chem. Phys. 2010, 133, 044702. 

(136) Wu, B.; Zhang, J.; 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][NTf2] and [C12mim][NTf2]. J. Phys. Chem. C 2010, 114, 4015-

4027. 

(149) Welton, T. Room-temperature ionic liquids. Solvents for synthesis and catalysis. 

Chem. Rev. 1999, 99, 2071-2084. 

(150) Hallett, J. P.; Welton, T. Room-temperature ionic liquids: Solvents for synthesis 

and catalysis. 2. Chem. Rev. 2011, 111, 3508-3576. 

(151) Zhang, Q.; Shreeve, J. n. M. Energetic ionic liquids as explosives and propellant 

fuels: A new journey of ionic liquid chemistry. Chem. Rev. 2014, 114, 10527-

10574. 

(152) Armand, M.; Endres, F.; MacFarlane, D. R.; Ohno, H.; Scrosati, B. Ionic-liquid 

materials for the electrochemical challenges of the future. In Materials for 

sustainable energy, Dusastre, V., Ed. World Scientific: Singapore, 2010; pp 129-

137. 

(153) Zhou, F.; Liang, Y.; Liu, W. Ionic liquid lubricants: Designed chemistry for 

engineering applications. Chem. Soc. Rev. 2009, 38, 2590-2599. 

(154) Karadas, F.; Atilhan, M.; Aparicio, S. Review on the use of ionic liquids (ILs) as 

alternative fluids for CO2 capture and natural gas sweetening. Energy Fuels 2010, 

24, 5817-5828. 

(155) Urahata, S. M.; Ribeiro, M. C. C. Structure of ionic liquids of 1-alkyl-3-

methylimidazolium cations: A systematic computer simulation study. J. Chem. 

Phys. 2004, 120, 1855-1863. 

(156) Wang, Y.; Voth, G. A. Unique spatial heterogeneity in ionic liquids. J. Am. Chem. 

Soc. 2005, 127, 12192-12193. 



125 

 

(157) Canongia Lopes, J. N. A.; Pádua, A. A. H. Nanostructural organization in ionic 

liquids. J. Phys. Chem. B 2006, 110, 3330-3335. 

(158) Wang, Y.; Voth, G. A. Tail aggregation and domain diffusion in ionic liquids. J. 

Phys. Chem. B 2006, 110, 18601-18608. 

(159) Triolo, A.; Russina, O.; Bleif, H.-J.; Di Cola, E. Nanoscale segregation in room 

temperature ionic liquids. J. Phys. Chem. B 2007, 111, 4641-4644. 

(160) Lynden-Bell, R. M. Gas-liquid interfaces of room temperature ionic liquids. Mol. 

Phys. 2003, 101, 2625-2633. 

(161) Bhargava, B. L.; Balasubramanian, S. Layering at an ionic liquid-vapor interface:  

A molecular dynamics simulation study of [bmim][PF6]. J. Am. Chem. Soc. 2006, 

128, 10073-10078. 

(162) Lynden-Bell, R. M.; Del Pópolo, M. Simulation of the surface structure of 

butylmethylimidazolium ionic liquids. Phys. Chem. Chem. Phys. 2006, 8, 949-

954. 

(163) Yan, T.; Li, S.; Jiang, W.; Gao, X.; 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. 

(164) Hayes, R.; Warr, G. G.; Atkin, R. Structure and nanostructure in ionic liquids. 

Chem. Rev. 2015, 115, 6357-6426. 

(165) Steinrück, H.-P. Surface science goes liquid! Surf. Sci. 2010, 604, 481-484. 

(166) Smith, E. F.; Rutten, F. J. M.; Villar-Garcia, I. J.; Briggs, D.; Licence, P. Ionic 

liquids in vacuo:  Analysis of liquid surfaces using ultra-high-vacuum techniques. 

Langmuir 2006, 22, 9386-9392. 

(167) Zambelli, T.; Wintterlin, J.; Trost, J.; Ertl, G. Identification of the "active sites" of 

a surface-catalyzed reaction. Science 1996, 273, 1688-1690. 



126 

 

(168) Rendulic, K. D. The influence of surface defects on adsorption and desorption. 

Appl. Phys. A 1988, 47, 55-62. 

(169) Hendriksen, B. L. M.; Ackermann, M. D.; van Rijn, R.; Stoltz, D.; Popa, I.; 

Balmes, O.; Resta, A.; Wermeille, D.; Felici, R.; Ferrer, S.; Frenken, J. W. M. The 

role of steps in surface catalysis and reaction oscillations. Nat. Chem. 2010, 2, 

730-734. 

(170) Dahl, S.; Logadottir, A.; Egeberg, R. C.; Larsen, J. H.; Chorkendorff, I.; 

Törnqvist, E.; Nørskov, J. K. Role of steps in N2 activation on Ru(0001). Phys. 

Rev. Lett. 1999, 83, 1814-1817. 

(171) Shin, S.; Willard, A. P. Three-body hydrogen bond defects contribute 

significantly to the dielectric properties of the liquid water–vapor interface. J. 

Phys. Chem. Lett. 2018, 9, 1649-1654. 

(172) Sciortino, F.; Geiger, A.; Stanley, H. E. Effect of defects on molecular mobility in 

liquid water. Nature 1991, 354, 218-221. 

(173) Sciortino, F.; Geiger, A.; Stanley, H. E. Network defects and molecular mobility 

in liquid water. J. Chem. Phys. 1992, 96, 3857-3865. 

(174) Nilsson, A.; Pettersson, L. G. M. The structural origin of anomalous properties of 

liquid water. Nat. Commun. 2015, 6, 8998. 

(175) Rivera-Rubero, S.; Baldelli, S. Surface characterization of 1-butyl-3-

methylimidazolium Br-, I-, PF6
-, BF4

-, (CF3SO2)2N
-, SCN-, CH3SO3

-, CH3SO4
-, 

and (CN)2N
- ionic liquids by sum frequency generation. J. Phys. Chem. B 2006, 

110, 4756-4765. 

(176) Santos, C. S.; Baldelli, S. Gas-liquid interface of room-temperature ionic liquids. 

Chem. Soc. Rev. 2010, 39, 2136-2145. 

(177) Lovelock, K. R. J.; Villar-Garcia, I. J.; Maier, F.; Steinrück, H.-P.; Licence, P. 

Photoelectron spectroscopy of ionic liquid-based interfaces. Chem. Rev. 2010, 

110, 5158-5190. 



127 

 

(178) Hantal, G.; Voroshylova, I.; Cordeiro, M. N. D. S.; Jorge, M. A systematic 

molecular simulation study of ionic liquid surfaces using intrinsic analysis 

methods. Phys. Chem. Chem. Phys. 2012, 14, 5200-5213. 

(179) Hantal, G.; Cordeiro, M. N. D. S.; Jorge, M. What does an ionic liquid surface 

really look like? Unprecedented details from molecular simulations. Phys. Chem. 

Chem. Phys. 2011, 13, 21230-21232. 

(180) Tesa-Serrate, M. A.; Smoll, E. J., Jr.; 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. 

(181) Marshall, B. C.; Smoll, E. J., Jr.; 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. 

(182) Minton, T. K.; Giapis, K. P.; Moore, T. Inelastic scattering dynamics of 

hyperthermal fluorine atoms on a fluorinated silicon surface. J. Phys. Chem. A 

1997, 101, 6549-6555. 

(183) Smoll, E. J., Jr.; 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. 

(184) The majority of the quantitative discrepancy between our cation conformation 

distribution and this nonpolarizable MD simulation of [C4mim][PF6] is probably 

the result of trends associated with anion size and temperature.  Increasing anion 

size from [Cl]- to [PF6]
- and increasing temperature from 298.15 to 330.15 K are 

observed to increase conformation I at the expense of conformation II. 

(185) Gibson, K. D.; Isa, N.; Sibener, S. J. Experiments and simulations of 

hyperthermal Xe interacting with an ordered 1-decanethiol/Au(111) 

monolayer: Penetration followed by high-energy, directed ejection. J. Phys. 

Chem. A 2006, 110, 1469-1477. 



128 

 

(186) Tasic, U.; Troya, D. Theoretical study of the dynamics of hyperthermal collisions 

of Ar with a fluorinated alkanethiolate self-assembled monolayer. Phys. Chem. 

Chem. Phys. 2008, 10, 5776-5786. 

(187) Gibson, K. D.; Killelea, D. R.; Becker, J. S.; Yuan, H.; Sibener, S. J. Energetic 

ballistic deposition of volatile gases into ice. Chem. Phys. Lett. 2012, 531, 18-21. 

(188) Gibson, K. D.; Killelea, D. R.; Yuan, H.; Becker, J. S.; Pratihar, S.; Manikandan, 

P.; Kohale, S. C.; Hase, W. L.; Sibener, S. J. Scattering of high-incident-energy 

Kr and Xe from ice: Evidence that a major channel involves penetration into the 

bulk. J. Phys. Chem. C 2012, 116, 14264-14273. 

(189) Pratihar, S.; Kohale, S. C.; Yang, L.; Manikandan, P.; Gibson, K. D.; Killelea, D. 

R.; Yuan, H.; Sibener, S. J.; Hase, W. L. Chemical dynamics simulations of high 

energy xenon atom collisions with the {0001} surface of hexagonal ice. J. Phys. 

Chem. C 2013, 117, 2183-2193. 

(190) Tasić, U. S.; Yan, T.; Hase, W. L. Dynamics of energy transfer in collisions of 

O(3P) atoms with a 1-decanethiol self-assembled monolayer surface. J. Phys. 

Chem. B 2006, 110, 11863-11877. 

(191) Bernardes, C. E. S.; Shimizu, K.; Lopes, J. N. C.; Marquetand, P.; Heid, E.; 

Steinhauser, O.; Schröder, C. Additive polarizabilities in ionic liquids. Phys. 

Chem. Chem. Phys. 2016, 18, 1665-1670. 

(192) Pádua, A. A. H. Resolving dispersion and induction components for polarisable 

molecular simulations of ionic liquids. J. Chem. Phys. 2017, 146, 204501. 

(193) Lemkul, J. A.; Roux, B.; van der Spoel, D.; MacKerell, A. D. Implementation of 

extended Lagrangian dynamics in GROMACS for polarizable simulations using 

the classical Drude oscillator model. J. Comput. Chem. 2015, 36, 1473-1479. 

(194) Giapis, K. P.; Moore, T. A.; Minton, T. K. Hyperthermal neutral beam etching. J. 

Vac. Sci. Technol. A 1995, 13, 959-965. 

(195) Faust, J. A.; Nathanson, G. M. Microjets and coated wheels: Versatile tools for 

exploring collisions and reactions at gas-liquid interfaces. Chem. Soc. Rev. 2016, 

45, 3609-3620. 



129 

 

(196) Brink, G. O. Electron bombardment molecular beam detector. Rev. Sci. Instrum. 

1966, 37, 857-860. 

(197) Daly, N. R. Scintillation type mass spectrometer ion detector. Rev. Sci. Instrum. 

1960, 31, 264-267. 

(198) Begtrup, M.; Larsen, P. Alkylation, acylation and silylation of azoles. Acta Chem. 

Scand. 1990, 44, 1050-1057. 

(199) 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. 

(200) Giernoth, R.; Bankmann, D. Transition-metal-free synthesis of perdeuterated 

imidazolium ionic liquids by alkylation and H/D exchange. Eur. J. Org. Chem. 

2008, 2008, 2881-2886. 

(201) Ran, Q.; Yang, C. H.; Lee, Y. T.; Lu, I. C.; Shen, G.; Wang, L.; Yang, X. 

Molecular beam studies of the F atom reaction with propyne: site specific 

reactivity. J. Chem. Phys. 2005, 122, 044307. 

(202) Persky, A. The temperature dependence of the kinetic isotope effect in the 

reaction of F atoms with CH4 and CD4. Chem. Phys. Lett. 2006, 430, 251-254. 

(203) Abraham, M. J.; Murtola, T.; Schulz, R.; Páll, S.; Smith, J. C.; Hess, B.; Lindahl, 

E. GROMACS: High performance molecular simulations through multi-level 

parallelism from laptops to supercomputers. SoftwareX 2015, 1-2, 19-25. 

(204) Canongia Lopes, J. N.; Deschamps, J.; Pádua, A. A. H. Modeling ionic liquids 

using a systematic all-atom force field. J. Phys. Chem. B 2004, 108, 2038-2047. 

(205) Canongia Lopes, J. N.; Pádua, A. A. H. Molecular force field for ionic liquids 

composed of triflate or bistriflylimide anions. J. Phys. Chem. B 2004, 108, 16893-

16898. 



130 

 

(206) Canongia Lopes, J. N.; Deschamps, J.; Pádua, A. A. H. Modeling ionic liquids 

using a systematic all-atom force field. J. Phys. Chem. B 2004, 108, 11250-11250. 

(207) Price, M. L. P.; Ostrovsky, D.; Jorgensen, W. L. Gas‐phase and liquid‐state 

properties of esters, nitriles, and nitro compounds with the OPLS‐AA force field. 

J. Comput. Chem. 2001, 22, 1340-1352. 

(208) Jorgensen, W. L.; Maxwell, D. S.; Tirado-Rives, 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. 

(209) Neese, F. The ORCA program system. Wiley Interdiscip. Rev. Comput. Mol. Sci. 

2012, 2, 73-78. 

(210) Martínez, L.; Andrade, R.; Birgin, E. G.; Martínez, J. M. PACKMOL: A package 

for building initial configurations for molecular dynamics simulations. J. Comput. 

Chem. 2009, 30, 2157-2164. 

(211) Tokuda, H.; Hayamizu, K.; Ishii, K.; Susan, M. A. B. H.; Watanabe, M. 

Physicochemical properties and structures of room temperature ionic liquids. 2. 

Variation of alkyl chain length in imidazolium cation. J. Phys. Chem. B 2005, 

109, 6103-6110. 

(212) Bagno, A.; D'Amico, F.; Saielli, G. Computer simulation of diffusion coefficients 

of the room-temperature ionic liquid [bmim][BF4]: Problems with classical 

simulation techniques. J. Moil. Liq. 2007, 131-132, 17-23. 

(213) Yan, T.; Burnham, C. J.; Del Pópolo, M. G.; Voth, G. A. Molecular dynamics 

simulation of ionic liquids:  The effect of electronic polarizability. J. Phys. Chem. 

B 2004, 108, 11877-11881. 

(214) Carvalho, P. J.; Freire, M. G.; Marrucho, I. M.; Queimada, A. J.; Coutinho, J. A. 

P. Surface tensions for the 1-alkyl-3-methylimidazolium 

bis(trifluoromethylsulfonyl)imide ionic liquids. J. Chem. Eng. Data 2008, 53, 

1346-1350. 

(215) Kleyn, A. W.; Horn, T. C. M. Rainbow scattering from solid surfaces. Phys. Rep. 

1991, 199, 191-230. 



131 

 

CHAPTER THREE 

 

 

SCATTERING-ANGLE RANDOMIZATION IN NONTHERMAL GAS-LIQUID  

 

COLLISIONS 

 

 

Contributions of Authors and Co-Authors 

 

 

Manuscript in Chapter 3:  Scattering-Angle Randomization in Nonthermal Gas-Liquid 

Collisions. 

 

Author: Eric. James Smoll, Jr. 

 

Contributions: Conceived the study, performed the analyses, interpreted the results, and 

wrote the manuscript. 

 

Author: Timothy K. Minton 

 

Contributions: Discussed results and implications and edited the manuscript. 

  



132 

 

Manuscript Information Page 

 

 

Eric J. Smoll, Jr., Timothy K. Minton 

 

Journal of Physical Chemistry C 

 

Status of Manuscript: 

        Prepared for submission to a peer-reviewed journal 

  X   Officially submitted to a peer-reviewed journal 

        Accepted by a peer-reviewed journal 

        Published in a peer-reviewed journal 

 

Publisher:  American Chemical Society 

  



133 

 

SCATTERING-ANGLE RANDOMIZATION IN NONTHERMAL GAS-LIQUID  

 

COLLISIONS 

 

 

Abstract 

 

 

Our ability to characterize the physical and chemical properties of gas-liquid 

interfaces is limited by the information content of surface-sensitive methods.  Dynamical 

observables from gas-liquid scattering experiments are sensitive to liquid-vacuum 

interfacial structure but remain difficult to interpret without the aid of simulation.  In 

particular, the interpretation of subtle changes in flux angular distributions is 

underdeveloped relative to the information content of this observable.  We present a new 

analysis of published data on noble gas-atom scattering from three low vapor pressure 

liquids (squalane, perfluoropolyether, and liquid gallium) in high vacuum.  Our analysis 

suggests that, at a fixed incident angle, θi, the shapes of flux angular distributions collected 

under a variety of conditions appear to have a simple relationship.  Specifically, f(θf) ≈ 

c1∙g(θf) + c2∙cos(θf), where θf is the final angle of the scattering product, f and g are any two 

flux angular distributions, and c1 and c2 are constants.  Also, the relative cos(θf) character 

of total flux angular distributions from the liquid-vacuum interfaces of two liquids, 

squalane and perfluoropolyether, appears to be independent of gas identity and θi, 

suggesting that this metric is an intrinsic property of the liquid pair.  Although more 

research is needed, the experimental data currently available suggest that cos(θf) character 

in total flux angular distributions is a result of scattering-angle randomization from 
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multiple-collision scattering trajectories induced by atomic-scale corrugation at the liquid-

vacuum interface. 

 

Introduction 

 

 

Gas-liquid interfaces are ubiquitous and expansive in nature.  The total surface area 

of the Earth’s oceans is approximately 360 million km2, the total surface area of small 

droplets of liquid in Earth’s atmosphere is approximately 10 trillion km2, and the total 

surface area of the epithelium lining fluid on lung alveoli is approximately 150 m2 for each 

of the 7.7 billion humans on Earth.216-217  Despite the massive scale of these important 

interfaces, the physical and chemical properties of gas-liquid interfaces are poorly 

understood, largely because of experimental difficulties in probing the structurally 

dynamic gas-liquid interface.  Although scanning probe microscopy methods have 

revolutionized the study of solid surfaces, similar imaging techniques are unable to provide 

high-quality information on liquid interfacial structure.  Depending on the nature of the 

liquid and its gas-liquid or liquid-vacuum interface, several spectroscopic options exist for 

probing liquid interfacial structure (e.g., sum-frequency generation,218-219 X-ray 

reflectivity,220 neutron reflectivity,221 etc.).  However, differences in sensitivity, interfacial 

specificity, and limitations on what can be concluded from the experimental data make it 

difficult to develop a consensus on all but the most dramatic features of liquid-vacuum 

interfacial structure.  Although new methods for studying gas-liquid or liquid-vacuum 

interfacial structure could aid our understanding, advances in the ability to interpret 

currently available data may be just as useful. 
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Atomic and molecular beam scattering experiments, in which a collimated beam of 

particles is directed at the liquid-vacuum interface and the properties of scattered products 

(e.g., product identity, velocity distribution, flux angular distribution, branching between 

mechanistically distinct scattering pathways, etc.) are monitored, provide a powerful 

means to characterize gas-liquid interactions under well-defined conditions.  In certain 

situations, gas-liquid scattering experiments have provided useful information on liquid-

vacuum interfacial structure.3, 181  However, the ability to infer interfacial properties from 

gas-liquid scattering dynamics is somewhat limited by the complexity of the scattering 

trajectories that contribute to the detected flux.  Gas-liquid scattering dynamics depend on 

the chemical and physical properties of the liquid-vacuum interface and the incident gas 

(mass, size, gas-liquid interaction potential, incident translational energy, incident angle, 

etc.).  Although atomic beam-liquid scattering experiments have a well-defined incident 

angle with respect to the interfacial normal, uniform sampling of gas position in the plane 

of the interface as well as thermal fluctuations of the interface create an immense number 

of distinct collision sites.  Depending on the nature of the initial collision site, one or more 

subsequent atom-liquid collisions may occur before the atom scatters from the surface to 

the detector.  This physical complexity can be compounded by technical or practical 

limitations of the experiment.  For example, it is common to restrict measurements to a 

subset of the full range of in-plane final angles instead of the full 3D hemisphere above the 

macroscopically flat liquid-vacuum interface.  Thus, the extraction of interface-specific 

information from experimental data on gas-liquid scattering dynamics benefits from the 

development, verification, and application of models that can identify the essential 
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chemistry and physics of the complex and often incompletely characterized atom-liquid 

scattering distribution. 

The development of models for the interpretation of experimental data has been 

extremely successful in advancing the utility of atomic beam-liquid scattering experiments 

as an analytical probe of liquid-vacuum interfacial structure.1, 5, 36, 222  For example, 

experiments have confirmed the validity of hard- and soft-sphere models that predict that 

average fractional translational energy transfer, R ≡ (⟨Ei⟩ – ⟨Ef⟩)/⟨Ei⟩, where ⟨Ei⟩ and ⟨Ef⟩ 

are the average incident and final translational energies, is approximately independent of 

Ei and only dependent on the deflection angle χ = 180° – (θi + θf).
5, 36  Not only is this 

helpful in reducing the number of measurements needed to characterize gas-liquid energy 

transfer as a function of scattering geometry, parameters of the hard- and soft-sphere fits 

can provide information on how the surface contributes to the scattering dynamics (energy 

absorbed by the surface and the effective surface mass).  Unfortunately, the hard- and soft-

sphere fitting parameters are dependent on the identity of the incident atoms and are 

difficult to relate to surface structure without input from simulation.36  As a second 

example, a thermally-driven harmonic oscillator model has been successfully used to 

quantify the impact of atomic-scale surface corrugation on the intensity of specularly 

scattered noble gases.1, 222  However, there has been no effort to quantitatively describe 

changes in the shape of flux angular distributions.  This goal is attractive because it is well-

known that flux angular distributions are more sensitive to small changes in the nature of 

the liquid-vacuum interface than, for example, average fractional translational energy 

transfer data.1, 18, 181  In an effort to lay the initial foundation for a quantitative model of 



137 

 

flux angular distributions from gas-liquid interfaces, we apply a new analysis to published 

data on noble gas-atom scattering from the liquid-vacuum interfaces of three low vapor 

pressure liquids.  To a good approximation, the shapes of flux angular distributions 

collected at the same θi only appear to differ in the relative amplitude of a cos(θf) function 

that is typically associated with the scattering-angle randomized behavior of thermal 

desorption.  The relative cos(θf) character between total flux angular distributions from a 

pair of low vapor pressure liquids is found to be roughly independent of θi and incident 

atom identity.  These observations suggest that cos(θf) character in total flux angular 

distributions is a result of the increased importance of in-plane, scattering-angle 

randomized, multiple-collision scattering trajectories induced by atomic-scale surface 

corrugation. 

 

Methods 

 

 

Experimental details are available in the publications in which the data were first 

presented.1, 5  Briefly, the majority of the data analyzed in this study were collected with 

the use of a crossed molecular beams apparatus configured for beam-liquid scattering.  The 

molecular liquids studied are shown in Figure 1.  A schematic diagram of the molecular 

beam scattering apparatus is shown in Figure 2.  Continuous, supersonic beams of Ne, Ar, 

or Xe seeded in He or H2 were directed at a continually-refreshed liquid-vacuum interface 

that was prepared by rotating a wheel through a temperature-controlled liquid reservoir and 

scaping the resulting film to a uniform thickness.195  The incident angle (θi) of the beam 

with respect to interfacial normal of the liquid film was controlled by rotating the liquid 
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reservoir.  A chopper-wheel attached to a rotatable mass spectrometer was used to 

modulate the products that entered the mass spectrometer.  The relative number density of 

the atoms that scattered from the liquid-vacuum interface was quantified as a function of 

(1) the final angle with respect to interfacial normal of the liquid film (θf) and (2) the flight 

time, t, from the chopper wheel to the electron bombardment ionizer inside the mass 

spectrometer.  These number density distributions (also known as N(t) or TOF 

distributions; e.g., see Figure 3) were converted to flux distributions (I(t) = N(t)/t) and 

integrated to obtain the total scattered flux as a function of θf.  When the TOF distribution 

of scattered products contains a peak or shoulder that is consistent with a Maxwell-

Boltzmann (MB) velocity distribution at the temperature of the liquid and a flux angular 

distribution that is proportional to a cos(θf) function, the origin of this peak or shoulder can 

be associated with thermal desorption (TD).  An incident atom that follows a TD pathway 

is expected to lose essentially all its translational energy through collisions with interfacial 

atoms of the liquid and reside in the interfacial region long enough to achieve thermal 

equilibrium with the liquid before thermal motions of the liquid eject the incident atom 

Figure 1.  Molecular structures and common names of the two low vapor pressure liquids studied.  

Squalane (2,6,10,15,19,23-hexamethyltetracosane) is a saturated hydrocarbon and Krytox 1625 is a 

perfluoropolyether abbreviated as PFPE. 
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back into the vacuum.  As shown in Figure 3, any component of the TOF distribution that 

appears at flight times that are too short to be assigned as TD is typically associated with 

impulsive scattering (IS), because the corresponding nonthermal velocity distribution 

implies a limited number of collisions that the incident atoms can undergo before scattering 

back into the vacuum.  At superthermal incident energies, the assignment of scattering as 

IS is typically supported by confirming that (1) the presumed IS flux angular distribution 

is lobular and has a maximum away from the surface normal, (2) the average fractional 

translational energy transfer of the presumed IS products qualitatively follows hard-sphere 

scattering trends, and (3) the maximum value of the IS/TD flux ratio increases as θi 

increases.  Typically, these observations support the conclusion that IS trajectories have 

 
Figure 2:  Configuration of the beam-surface scattering machine used to collect the data on the molecular 

liquids that were analyzed in this study.  A supersonic source was used to produce continuous beams of 

Ar (⟨Ei⟩ = 80 or 71.5 kJ mol-1), Xe (⟨Ei⟩ = 185 kJ mol-1), and Ne (⟨Ei⟩ = 29 kJ mol-1), seeded in H2 or He.  

Specific beams were directed at the liquid-vacuum interface of squalane or PFPE prepared by a rotatable 

liquid reservoir.  Number density distributions of inelastically scattered Ar, Xe, or Ne were recorded as 

a function of flight time from a chopper wheel to the electron bombardment ionizer of the rotatable mass 

spectrometer (30.3 cm).  The incident angle, θi, was controlled by rotating the liquid reservoir.  The final 

angle, θf, was controlled by rotating the mass spectrometer. 
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one or few highly-localized collisions at the liquid-vacuum interfacial region before 

scattering back into the vacuum. 

 

Results and Analysis 

 

 

In this study, we quantitively explore the differences between experimental flux 

angular distributions of scattered atoms collected under different conditions.  It is first 

helpful to establish a convention for comparing flux angular distributions.  Figures 4-10 

display integrated flux angular distributions for non-reactive scattering of Ne, Ar, and Xe 

from squalane, PFPE, and liquid gallium.  With hyperthermal incident energies, flux 

angular distributions of scattered products can be broad and asymmetric, with shallow 

maxima for in-plane forward scattering at small values of θi.  Broad angular distributions 

can make it difficult to identify, compare, and scale the maximum values of total and IS 

 
Figure 3:  Representative number density distribution as a function of flight time (also referred to as N(t), 

time-of-flight, or TOF distribution) for inelastically scattered Ar (⟨Ei⟩ = 71.5 kJ mol-1) from the liquid-

vacuum interface of PFPE at θi = θf = 45°.  Note that this TOF was collected using the experimental setup 

shown in Figure 2.  Adapted with permission from reference 1.  Copyright (1997) American Chemical 

Society. 
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flux angular distributions.  Also, geometric constraints in the beam-surface scattering 

machine shown in Figure 2 prevent the collection of in-plane scattering flux across the full 

180° range of final angles from the liquid-vacuum interface.  To make it easier to compare 

the shapes of flux angular distributions under these conditions, all traces in Figures 4-10 

have been scaled to make the Cartesian area between θf = 20° and 60° equal to one.  This 

region of interest has been highlighted in gray in Figures 4-10.  All fits are constructed 

from a linear combination of an area-normalized cos(θf) function and an area-normalized 

total or IS flux angular distribution. 

 As described in detail below, our analysis demonstrates that flux angular 

distributions collected under a variety of conditions with a common θi appear to be related 

by a simple rule: the area-normalized shape of any specific flux angular distribution, f(θf), 

can be reasonably well approximated with a linear combination of any other area-

normalized total flux angular distribution, g(θf), and an area-normalized function h(θf) = A 

cos(θf) where A is the normalization constant.  This relationship can be written as f(θf) ≈ 

c1∙g(θf) + c2∙h(θf).  The flux angular distributions represented by f and g can always be 

selected so the coefficients c1 and c2 are both non-negative and c1 = 1 – c2.  In this situation, 

the value of c2 can be defined as a quantitative metric of the relative cos(θf) character for f 

and g.  In general, f and g will depend on several experimental or analysis parameters, 

including the identity of the incident atom, the incident angle, the identity of the liquid, the 

temperature of the liquid, the identity of the scattered product (same as the incident atom 

for non-reactive scattering), and the dynamical nature of the flux (e.g., IS or total).  

However, when comparing angular distributions, we focus on pairs that only differ in one 
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target parameter (e.g., liquid identity) while all other passive parameters are held constant.  

In general, the relative cos(θf) character trends for different target parameters can probe 

different chemical and physical properties of the gas-liquid scattering systems being 

studied.  For clarity and brevity, we identify the relative cos(θf) character for f and g by the 

parameters of f and g using the notation Tf/Tg(P1[V1], P2[V2], P3[V3], …) where Tf is the 

target parameter of the flux angular distribution f, Tg is the flux angular distribution of 

target parameter g, Pi is the ith passive parameter, and Vi is the value of the ith passive 

parameter.  Thus, the relative cos(θf) character for PFPE/squalane(atom[Ar], θi[45°], 

Tliq[298 K], flux[total]) refers to a specific value of c2 necessary to bring the total flux 

angular distribution for Ar scattering from a 298 K squalane-vacuum interface at θi = 45° 

into good agreement with the total flux angular distribution for Ar scattering from a 298 K 

PFPE-vacuum interface at θi = 45°. 

 Figure 4 shows total flux angular distributions for inelastically scattered Ar (⟨ET⟩ 

= 80 kJ mol-1) from the liquid-vacuum interface of PFPE and squalane at θi = 45° and 65°.  

By plotting the total flux, Figure 4 is free from complications associated with decomposing 

TOF distributions with multiple components.  Although it is common and often well-

justified to partition gas-liquid scattering TOF distributions into component TOF 

distributions that correspond to IS and TD, it is an approximation to assume that all gas-

liquid scattering can be accurately described by these two idealized pathways.  For 

example, simulation studies caution that the decomposition of prompt gas-liquid scattering 

trajectories into IS and TD components is simplistic.42-43, 46, 76-78  Additionally, at some 

values of θi + θf, overlap between the TOF peaks that are associated with IS and TD can 
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make separation difficult.  Within the assumption that associates all gas-liquid scattering 

as either IS or TD, the total flux angular distributions shown in Figure 4 are expected to 

be a superposition of a cos(θf) shape for TD and an IS flux angular distribution that is, in 

principle, dependent on the specific details of the scattering events.  Previous experimental 

work has avoided detailed analysis of IS flux angular distributions from liquids, because 

they are expected to be extremely complex on physical grounds.  Specifically, IS flux 

angular distributions should depend on the gas-liquid interaction potential which will vary 

with the identity of the incident atom and the atoms exposed to the vacuum at the collision 

site.  Although studies that combine experiment and simulation are more capable of 

providing atomistic insight into the nature of IS from the liquid-vacuum interface,54 

agreement between experiment and theory is still generally coarse, especially for reactive 

scattering.53 

 
Figure 4:  Flux angular distributions for the scattering of Ar (⟨Ei⟩ = 80 kJ mol-1) from the liquid-vacuum 

interface of PFPE and squalane at θi = 45° and 65°.  At both incident angles, the total (IS + TD) flux 

angular distribution from PFPE can be fit with a linear combination of the total flux angular distribution 

from squalane and a cos(θf) function.  This figure presents a new analysis of data originally published by 

King et al.5 
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 The purely experimental analysis in Figure 4 demonstrates that the total (IS + TD) 

flux angular distribution for inelastic scattering of Ar from PFPE can be fit with a linear 

combination of the total flux angular distribution for inelastic scattering of Ar from 

squalane and a cos(θf) function.  This fitting procedure describes the angular distributions 

well for θi = 45° and 65°.  Although the TD components of the total flux from both liquids 

are expected to have a cos(θf) angular distribution, the IS components of the total flux 

angular distributions are expected to differ for squalane and PFPE.  This expectation 

originates from the localized and interface-specific nature of IS combined with the 

radically different chemical natures of squalane and PFPE.  The total flux angular 

distributions show no evidence of a difference that cannot be described by a cos(θf) angular 

distribution.  This observation is surprising, especially when the total flux at each pair of 

θi and θf is partitioned into IS and TD flux.  For both θi angles and for every θf shown in 

Figure 4, the IS flux is larger than the TD flux (specific values not shown).  At final angles 

 
Figure 5:  Flux angular distributions for the scattering of Ne (⟨Ei⟩ = 29 kJ mol-1) from the liquid-vacuum 

interface of PFPE and squalane at θi = 45° and 65°.  The total flux angular distribution from PFPE can 

be fit with a linear combination of the total flux angular distribution from squalane and a cos(θf) function.  

This figure presents a new analysis of data originally published by King et al.5 
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greater than or equal to 50°, the IS flux is more than three times larger than the TD flux.  If 

the IS flux angular distribution from squalane had large differences in shape that were not 

proportional to a cos(θf) function, they should be visible as deviations from the fit.  

However, the experimental data show no dramatic deviations from the fit across all 

measured final angles (θf = 16° to 70° for θi = 45° and θf = -4° to 70° for θi = 65°). 

In Figure 5, we demonstrate that this behavior is not unique to the incident Ar atom: 

the  total flux angular distribution for inelastic Ne scattering (⟨Ei⟩ = 29 kJ mol-1) from PFPE 

can be fit with a linear combination of the total flux angular distribution for inelastic 

scattering of Ne from squalane and a cos(θf) function.  Again, this fitting procedure is 

successful at θi = 45° and 65°.  Two points are particularly noteworthy.  First, there is no 

evidence in the literature that Ne undergoes “true” trapping desorption at liquid-vacuum 

interfaces.  Specifically, experiments that scatter Ne from a liquid-vacuum interface with 

superthermal or near-thermal incident energies do not produce a distinct component of the 

 
Figure 6:  Flux angular distributions for the scattering of Ne (⟨Ei⟩ = 29 kJ mol-1) and Ar (⟨Ei⟩ = 80 kJ 

mol-1) from the liquid-vacuum interface of PFPE at θi = 45° and 65°.  At both incident angles, the total 

flux angular distribution from Ne can be fit with a linear combination of the total flux angular distribution 

from Ar and a cos(θf) function.  This figure presents a new analysis of data originally published by King 

et al.5 
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total TOF distribution that can be well-described with a MB velocity distribution at the 

temperature of the liquid.20  This is typically rationalized to be a result of the small mass, 

size, and polarizability of the Ne atom.  Without a clear experimental signature of a TOF 

distribution consistent with a MB velocity distribution at the temperature of the liquid 

surface, it is difficult to claim that some fraction of Ne atoms trap and thermally equilibrate 

at the liquid-vacuum interface before desorbing into vacuum with a cos(θf) angular 

distribution.  Although classical molecular dynamics simulations of Ne scattering from a 

self-  assembled monolayer (SAM) system observe bimodal translational energy 

distributions, the lower energy peak is only well-described by a MB distribution at a 

 
Figure 7:  Flux angular distributions for out-of-plane (OOP) inelastic scattering of Ar (⟨Ei⟩ = 92 kJ mol-

1) from the liquid-vacuum interface of liquid Gallium (Ga(ℓ)) with θi = 55° at Tliq = 308, 436, and 586 K.  

The signed OOP scattering angle is denoted with α and is defined as follows.  In-plane scattering (α = 0°) 

directs Ar atoms along a unit vector �⃑� with θf = 55° in a plane defined by the incident beam and 

macroscopic interfacial normal defined by the unit vector �⃑⃑�.  OOP scattering (α ≠ 0°) directs Ar atoms 

along a unit vector �⃑⃑� in a plane defined by �⃑� and �⃑� × �⃑⃑�.  The magnitude of the OOP scattering angle is 

given by ‖𝛼‖ = cos−1(�⃑� ∙ �⃑⃑�).  The figure on the left demonstrates that the total flux OOP angular 

distribution at Tliq = 436 K can be fit with a linear combination of the total flux OOP angular distribution 

at Tliq = 308 K and a cos(α) function.  Similarly, the figure on the right demonstrates that the total flux 

OOP angular distribution at Tliq = 586 K can be also be fit with a linear combination of the total flux OOP 

angular distribution at Tliq = 308 K and a cos(α) function.  This figure presents a new analysis of data 

originally published by Manning et al.2  Note that this data was not collected on the beam-surface 

scattering machine shown in Figure 2.  For a description of the apparatus, see the original reference. 



147 

 

temperature much higher than the temperature of the interface.43, 76, 223  Also, in these 

simulations, the MB distribution is dominated by single-collision trajectories, supporting 

claims that trapping and thermal equilibration may not occur for Ne scattering from 

qualitatively similar systems like Ne from squalane.43, 76, 223  Despite this apparent absence 

of “true” trapping desorption, Figure 5 provides a new and interesting observation that the 

total flux angular distributions of inelastically-scattered Ne atoms from PFPE and squalane 

are dominated by a difference in cos(θf) character.  Because a cos(θf) angular distribution 

is indicative of scattering-angle randomization, the emergence of a cos(θf) angular 

distribution is a necessary but insufficient criterion for thermal desorption.  Second, 

Figures 4 and 5 demonstrate that the  cos(θf) character of the total flux angular distribution 

from PFPE relative to that from squalane is insensitive to θi, the identity of the incident 

atom, and the specific hyperthermal Ei used.  The invariance strongly suggests that relative 

cos(θf) character may be an invariant, intrinsic property of any pair of liquid interfaces.  In 

 
Figure 8:  Flux angular distributions for the impulsive scattering of Ar (⟨Ei⟩ = 80 kJ mol-1) from the 

liquid-vacuum interface of PFPE and squalane at θi = 45° and 65°.  At both incident angles, the IS flux 

angular distribution from PFPE can be fit with a linear combination of the IS flux angular distribution 

from squalane and a cos(θf) function.  This figure presents a new analysis of data originally published by 

King et al.5 
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this respect, relative cos(θf) character may be a new and valuable method to characterize 

liquid surfaces.  If the structural or dynamical origin of relative cos(θf) character can be 

identified, it may be possible to decouple measurements that probe the gas-liquid scattering 

dynamics from commonly variable parameters of the experiment, in order to access 

properties of the liquid surface structure more directly for comparison with simulation. 

 Although Figures 4 and 5 demonstrate an interesting invariance of the relative 

cos(θf) character between PFPE and squalane with respect to incident atom identity, it is 

important to note  that the total flux angular distributions for Ne and Ar scattering from 

PFPE differ at θi = 45° and 65°.  For example, Figure 6 demonstrates that the Ar scattering 

(⟨Ei⟩ = 80 kJ mol-1) and Ne scattering (⟨Ei⟩ = 29 kJ mol-1) total flux angular distributions 

from PFPE differ at θi = 45° and 60°.   However, the total flux angular distribution for 

inelastic scattering of Ne (⟨Ei⟩ = 29 kJ mol-1) from PFPE can be fit with a linear 

combination of the total flux angular distribution for inelastic scattering of Ar (⟨Ei⟩ = 80 kJ 

 
Figure 9:  Flux angular distributions for the impulsive scattering of Ar (⟨Ei⟩ = 80 kJ mol-1) and Xe (⟨Ei⟩ 
= 185 kJ mol-1) from the liquid-vacuum interface of PFPE at θi = 45° and 65°.  At both incident angles, 

the IS flux angular distribution from Ar can be fit with a linear combination of the IS flux angular 

distribution from Xe scattering from PFPE and a cos(θf) function.  This figure presents a new analysis of 

data originally published by King et al.5 
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mol-1) from PFPE and a cos(θf) function.  The fitting procedure is fairly successful at θi = 

45° and 65°.  Again, as observed with the other pairs of total flux angular distributions in 

Figures 4 and 5, the relative cos(θf) character is relatively insensitive to incident angle. 

It appears as if the relative cos(θf) character metric may be useful in describing out-

of-plane  (OOP) scattering as well.  As shown in Figure 7, higher liquid temperatures result 

in a higher cos(θf) character in the total flux OOP angular distributions for inelastic Ar 

scattering (⟨Ei⟩ = 92 kJ mol-1) from liquid Gallium (note that these data2 were not collected 

on the instrument shown in Figure 2).  Thus, the relative cos(θf) character metric may not 

be limited to in-plane flux angular distributions from molecular liquids and may be useful 

in relating total flux OOP angular distributions.  However, note that the liquid in Figure 7 

has a mass density and surface tension that is much larger than typically observed from 

molecular fluids composed of nonmetallic elements with low atomic numbers (ρGa = 6.10 

 
Figure 10:  Flux angular distributions for the impulsive scattering of Ar (⟨Ei⟩ = 71.5 kJ mol-1) from the 

liquid-vacuum interface of PFPE at θi = 65°.  Data for two liquid temperatures (280 K and 359 K) are 

shown.  The IS flux angular distribution from 359 K PFPE can be fit with a linear combination of the IS 

flux angular distribution from 280 K PFPE and a cos(θf) function.  This figure presents a new analysis of 

data originally published by King et al.1-2 
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g cm-1 and σGa = 720 dynes cm-1 near the melting point at 303 K).2 

 The relationship between the IS flux angular distributions for Ar scattering from 

PFPE and squalane is examined directly in Figure 8.  The IS Ar flux angular distribution 

from PFPE can be fit with a linear combination of the IS Ar flux angular distribution from 

squalane and a cos(θf) function.  This fitting procedure is also reasonably successful at θi 

= 45° and 60°.  Although the separation of the scattered flux into IS and TD components 

is expected to be imperfect for the reasons described earlier, IS flux angular distributions 

from PFPE and squalane do not differ by more than a cos(θf) function.  The total flux 

angular distributions in Figure 4 are qualitatively similar to the component IS flux angular 

distributions in Figure 8, confirming that IS dominates the overall shape of the angular 

distributions at hyperthermal incident energies.  However, as expected, the total flux 

angular distributions are more damped toward a cos(θf) function because the TD 

component of the total flux is well-described by a cos(θf) angular distribution.  Although 

the relative cos(θf) character for PFPE/squalane(atom[Ar], Tliq[290 K], flux[total]) is 

approximately independent θi, the relative cos(θf) character for PFPE/squalane(atom[Ar], 

Tliq[290 K], flux[IS]) appears to decrease with increasing incident angle.  A similar trend 

is seen when comparing Ar and Xe IS flux angular distributions from PFPE (see Figure 

9).  The IS Ar flux angular distribution from PFPE can be fit with a linear combination of 

the IS Xe flux angular distribution from PFPE and a cos(θf) function.  Again, this fitting 

procedure is reasonably successful at both measured θi angles, and the relative cos(θf) 

character between IS Ar and IS Xe decreases with increasing θi.  As observed in the total 

OOP flux angular distributions shown in Figure 7, the cos(θf) character of the IS in-plane 
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flux angular distribution from PFPE also increases with temperature (see Figure 10).  The 

fit is excellent over an ~75° interval of final angles at θi = 65°. 

 

Discussion 

 

 

 As demonstrated above, the relative cos(θf) character for total flux angular 

distributions collected from PFPE and squalane appears to be independent of the identity 

of the incident atom, its incident energy, and its incident angle.  This invariance strongly 

suggests that relative cos(θf) character is an intrinsic property of these two liquids.  Because 

flux angular distributions that are proportional to a cos(θf) function are indicative of 

scattering-angle randomization, we hypothesize that intrinsic structural differences in the 

corrugation of the liquid-vacuum interfaces are responsible for generating this relative 

cos(θf) character in the total flux angular distributions from PFPE and squalane.  Although 

the TD component of the total flux is well-described by a pure cos(θf) function, the 

comparison of Figures 4 and 8 suggests that the relative cos(θf) character between PFPE 

and squalane is not entirely the result of differences in the amplitude of the TD flux angular 

distributions from the pair of liquids.  Therefore, it appears as if the IS flux angular 

distribution is a superposition of two distinct components: one that is well-described by a 

cos(θf) angular distribution and a second that is not.  This conclusion is consistent with the 

findings of several previous gas-liquid scattering studies that have noted and interpreted 

the presence of a low-energy peak, 𝑃𝐼𝑆
𝐿𝑜𝑤(𝐸𝑇), in the translational energy probability 

density distribution for nonthermal scattering, 𝑃𝐼𝑆(𝐸𝑇).  In a study monitoring noble gas 

scattering from liquid metals, Nathanson found that 𝑃𝐼𝑆
𝐿𝑜𝑤(𝐸𝑇) is in good quantitative 
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agreement with two sequential and identical large deflection-angle collisions that 

ultimately direct the incident atom along the observed final angle.222  In a different 

experiment,182 nonthermal F atoms that scattered inelastically from a fluorinated silicon 

surface (⟨Ei⟩ = 544 kJ mol-1) also showed the presence of a 𝑃𝐼𝑆
𝐿𝑜𝑤(𝐸𝑇) component.  

However, given the large incident translational energies used in this experiment, the 

authors claimed that the two large deflection-angle collisions proposed by Nathanson 

would not be able to remove enough translational energy from the incident atom to match 

the 𝑃𝐼𝑆
𝐿𝑜𝑤(𝐸𝑇) observed in the experiment.  Because the scattering associated with 

𝑃𝐼𝑆
𝐿𝑜𝑤(𝐸𝑇) was observed to have (1) an average energy that depends weakly on the 

deflection angle, and (2) a flux angular distribution that is similar to a cos(θf) function, the 

authors proposed a more complex, multiple-collision explanation for 𝑃𝐼𝑆
𝐿𝑜𝑤(𝐸𝑇) but 

conceded that no model was currently available to provide a quantitative explanation of the 

location and structure of this peak.  A more recent experimental study monitoring reactive 

and nonreactive scattering of O(3P) (⟨Ei⟩ ≈ 500 kJ mol-1) from the liquid-vacuum interfaces 

of squalane, 1-butyl-3-methylimidazolium tetrafluoroborate, 1-octyl-3-

methylimidazolium tetrafluoroborate, and 1-dodecyl-3-methylimidazolium 

tetrafluoroborate also observed low-energy peaks in the nonthermal inelastic scattering of 

O atoms.181  The authors of this study introduced an empirical algorithm for separating 

𝑃𝐼𝑆
𝐿𝑜𝑤(𝐸𝑇) from 𝑃𝐼𝑆(𝐸𝑇).  Using this separation procedure, the low-energy peak was again 

found to have an average energy that depends weakly on the deflection angle and a flux 

angular distribution that is similar to a cos(θf) function.  Unfortunately, the utility of this 

method is limited by the lack of a compelling justification for the functional form of 
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𝑃𝐼𝑆
𝐿𝑜𝑤(𝐸𝑇).  The relative cos(θf) method avoids decomposition of the nonthermal scattering, 

opting instead to look for differences between flux angular distributions.  This method is 

robust because it is based on the well-known and well-justified flux angular distribution 

for scattering-angle randomization that is commonly associated with TD.  However, it is 

important to note that the flux angular distribution for TD can deviate from a cos(θf) shape 

when trapping is dependent on θi or when there is a barrier to adsorption/desorption.1, 20 

 When applied to scattering of hyperthermal atoms, the data analysis procedure and 

its underlying assumptions should account for the grouping of nonthermal scattering with 

cos(θf) and non-cos(θf) flux angular distributions under the common label of IS.  As 

described in the Methods section, the dynamical attributes of the thermal and nonthermal 

scattering provide support for associating these components of the total TOF distribution 

with TD and IS, respectively.  However, as discussed in the Results section, it is an 

approximation to assume that the total TOF distribution can be perfectly described as a 

binary sum of distinct and mechanistically-pure components that correspond to idealized 

descriptions of IS and TD.  The experimental method for decomposing the total TOF 

distribution into components that correspond to thermal and nonthermal distributions is 

based on the assumption that the total scattered flux is a sum of IS and TD flux.  The 

thermal distribution is identified by fitting the data to a TOF distribution that is consistent 

with a MB velocity distribution characterized by the surface temperature and a cos(θf) 

angular distribution.  Because there is no analytical expression for the nonthermal TOF 

distribution, nonthermal scattering is isolated by subtracting the MB fit from the total TOF 

distribution.  Without a functional form for the nonthermal TOF distribution, the 
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subtraction groups all nonthermal flux under the IS label.  At hyperthermal Ei, individual 

collisions of an incident atom with an atom or a small group of atoms at the liquid-vacuum 

interface are only able to absorb a fraction of the incident translational energy.  Thus, one 

or more collisions of the incident atom at the interface may randomize the direction of the 

atom before completely dissipating its excess translational energy.  This logic suggests that 

nonthermal but scattering angle-randomized emission can be viewed as a trapping 

intermediate that would continue to progress toward thermal equilibrium if this process 

were not truncated by abrupt scattering into the vacuum.    

 The trend in relative cos(θf) character as a function of surface identity, surface 

temperature, and incident atom type provide insight into the origin of this phenomenon.  

As demonstrated in Figures 4-10, relative cos(θf) character in total flux angular 

distributions increases from squalane to PFPE, Ne to Ar, and lower to higher temperature.  

The surface tension of PFPE1 at 290 K is 18.9 mN m-1 and the surface tension of squalane24 

at 295 K is 29.1 mN m-1.  Thus, lower surface tension is correlated with a higher cos(θf) 

character.  The correlation between lower surface tension and higher cos(θf) character is 

consistent with previous gas-liquid scattering experiments on liquid metals, where lower 

surface tension metals were observed to scatter more broadly with lower specular intensity 

because low surface tension liquids are more corrugated, even on atomic length scales.2, 222  

Temperature dependent changes in the IS Ar flux angular distribution from PFPE are also 

consistent with the observed positive correlation between surface tension and cos(θf) 

character.1, 20  Increasing the temperature results in a decrease of the surface tension, which 

should result in an increase of atomic-scale corrugation of the liquid-vacuum interface of 
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PFPE.  The connection between surface tension and atomic-scale corrugation has an 

excellent foundation that was developed in a series of experimental studies of noble gas 

scattering from liquid metal surfaces as a function of temperature.2, 222  In these 

experiments, the scattering data are quantitively consistent with a thermally-driven 

harmonic oscillator model (HO) for atomic-scale corrugation at the liquid-vacuum 

interface and an assumed power-law relationship between specular scattering intensity, I, 

and surface corrugation, δ (𝐼 ∝ 𝛿𝜀).  These studies clearly demonstrate that the power ε is 

very close to -1 (an inverse relationship between specular scattering intensity and atomic-

scale corrugation at the liquid-vacuum interface), suggesting that this simple HO model 

may accurately capture the relevant physics in the gas-liquid scattering experiments.  The 

dependence of cos(θf) character on the identity of the incident atom can also be 

convincingly rationalized as a consequence of surface corrugation.  Ne scattering from 

PFPE is associated with a higher cos(θf) character than Ar scattering from PFPE.  The 

increased relative cos(θf) character is unlikely to be the result of differences in the average 

fractional translational energy transfer R ≡ (⟨Ei⟩ - ⟨Ef⟩)/⟨Ei⟩ for Ne-PFPE collisions relative 

to Ar-PFPE collisions.  Increasing the number of scattering trajectories that are able to 

dissipate enough translational energy to trap at the liquid-vacuum interface would be 

expected to increase R.  Indeed, R is often positively correlated with TD flux.  However, 

scattering trajectories that fail to trap at the liquid-vacuum interface may still contribute to 

the nonthermal scattering flux with a cos(θf) angular distribution.  Thus, there is no reason 

to believe that the cos(θf) component of the total flux would depend on differences in 

fractional energy transfer.  It is more likely that Ne scattering from PFPE is associated with 
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a higher cos(θf) character than Ar scattering from PFPE because of differences in the sizes 

of the atoms.  Ne and Ar have van der Waals radii of 1.54 and 1.88 Å, respectively.224  

These radii correspond to respective cross-sectional areas of 7.45 and 11.1 Å2.  It is possible 

that smaller atoms are more sensitive to smaller-scale corrugations in the repulsive wall of 

the gas-liquid potential energy surface.  If an increase in the effective corrugation of the 

surface is correlated with an increase in cos(θf) character, then this explanation is consistent 

with experiment.  As discussed above, the most plausible mechanism for a positive 

correlation between atomic-scale corrugation at the liquid-vacuum interface and relative 

cos(θf) character in angular distributions of scattered product flux is based on the relative 

number of trajectories where the incident atom undergoes more than one collision with 

atoms at the liquid-vacuum interface.  An increase in the number of multiple-collision 

trajectories should simultaneously increase the flux of in-plane, scattering angle-

randomized emission and decrease the flux of trajectories involving only one or a few 

collisions that are preferentially scattered as an in-plane, near-specular IS peak.  The net 

effect of an increase in multiple-collision scattering trajectories is an increase of the cos(θf) 

character associated with the corresponding IS or total flux angular distribution. 

The observation that the relative cos(θf) character between squalane and PFPE is 

independent of θi adds insight into the nature of the interface probed in gas-liquid scattering 

experiments.  First, because θi changes the relative flux of IS and TD, the independence of 

the relative cos(θf) character with respect to θi may reflect the extreme surface specificity 

of the collisional events that lead to IS and trapping.  If a significant amount of subsurface 

penetration occurs for IS or trapping events, one would expect this penetration to depend 
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on the component of Ei that is perpendicular to the surface, and thus, θi.  Increased 

penetration of the atom beyond the undulating surface of liquid atoms that are exposed to 

the vacuum should be associated with an increased probably of multiple collision 

trajectories that alter the magnitude of the cos(θf) component of the total flux angular 

distribution.  As this is not observed, the independence of the relative cos(θf) character with 

respect to θi should reflect the extreme surface specificity of the collisional events that lead 

to IS and trapping.  Second, the independence of the relative cos(θf) character with respect 

to θi may suggest that the incident atom probes the same interfacial sites across a wide 

range of incident angles.  Although it is possible that changing θi could restrict the range 

of accessible surface sites in a way that maintains the relative corrugation of the surface, 

this seems unlikely.  Given the thermally disordered and fluctuating liquid-vacuum 

interface, the temporal and spatial averaging of the gas-liquid scattering measurement, and 

the absence of nanometer scale molecular self-assembly at the liquid-vacuum interface of 

squalane and PFPE, it is unlikely that there are structural or dynamical effects that restrict 

access of incident atoms to certain sites based on θi.  Both of these conclusions are 

supported by a recent atom-liquid scattering experiment where atomic fluorine was 

scattered from the liquid-vacuum interface of deuterium-labeled variants of a 1-butyl-3-

methylimidazolium ionic liquid.225  The cation in this liquid (and in other similar ionic 

liquids) is known to undergo some degree of ordering at the liquid-vacuum interface.  The 

site-specific hydrogen-abstraction scattering yield was found to be independent of θi, 

suggesting extreme surface specificity with no dramatic deviation from uniform surface 

sampling at different values of θi. 
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Atomically rough and thermally disordered interfacial regions of polymers and 

liquids are known to yield nonthermal angular distributions in molecular beam scattering 

experiments that are broad with a significant flux at small or negative θf.  This flux at small 

or negative final angles is often referred to as “backscattering” to highlight the fact that this 

signal is directed backwards toward the incident beam in the lab or center-of-mass (c.m.) 

frames.5  However, there are other instances where this term is used to promote a more 

mechanistic interpretation where flux at low or negative θf is assumed to result from low 

impact-angle collisions between the incident atom and an atom or cluster of atoms at the 

liquid-vacuum interface.  To distinguish between the two, we will describe the latter as 

“mechanistic backscattering”.  At hyperthermal incident energies, individual collisions 

between an incident atom and interfacial atoms should occur in the “structural scattering 

regime.”18  In this regime, the scattering dynamics are qualitatively consistent with hard-

sphere scattering trends and often quantitively consistent with scattering models that have 

been extended to allow for inelastic energy transfer during individual collisions (“soft 

sphere” scattering).36  Both hard- and soft-sphere scattering models predict large 

translational energy transfers for low-impact-parameter collisions between the incident 

atom and an atom or cluster of atoms at the liquid-vacuum interface.  In addition to 

relatively high energy transfer, hard- and soft-sphere models predict that low-impact-

parameter collisions result in the incident atom recoiling backwards or sideways with 

deflection angles greater than 90° in the c.m. frame.  If these backscattered trajectories are 

not efficiently funneled into other events (e.g., additional collisions), or if the flux of atoms 

associated with the backscattered trajectories is not obscured by the flux of atoms from 
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other scattering channels (e.g., TD), it may be possible to observe features indicative of 

mechanistic backscattering in in-plane flux angular distributions.  As hard- and soft-sphere 

scattering trends imply that the gas-liquid scattering event is very localized at the liquid-

vacuum interface, some previous studies have found it useful to model gas-liquid scattering 

dynamics with the predictions of Newton diagrams9 more commonly used to analyze gas-

phase collisions in crossed molecular-beams experiments.  Qualitatively, Newton-diagram 

analysis suggests that nonthermal scattered flux at low or negative θf could be the rising 

edge of a mechanistic backscattering lobe in the c.m. frame.8  As is it unlikely that the 

rising edge of the mechanistic backscattering lobe is well-described by a cos(θf) function 

across the large range of θf shown in Figures 4-10, the data presented in this paper suggest 

that mechanistic backscattering is not responsible the relative changes in nonthermal 

inelastic scattering flux at low or negative final angles from PFPE or squalane.  However, 

the continued development of methods to probe the full, 3D gas-liquid scattering 

distribution would be very helpful in investigating the relative importance of mechanistic 

backscattering in gas-liquid collisions.  A recent study226 using 3D velocity map imaging 

of nonreactive HCl scattering (⟨Ei⟩ ≈ 71.1 kJ mol-1) from a self-assembled monolayer found 

clear evidence for (1) a signal that has a flux proportional to cos(θf) and (2) a broad lobe 

near the specular direction that corresponds to nonthermal flux without a cos(θf) angular 

distribution.  No lobe corresponding to mechanistic backscattering was observed in this 

study, suggesting that this pathway is not competitive with other, more prominent 

scattering channels. 
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 As noted above, the success of relating a variety of flux angular distributions with 

a cos(θf) function also implies that the component of the total or IS flux angular distribution 

that is not proportional to a cos(θf) function is very similar across a variety of different 

scattering experiments at a fixed θi.  This very useful observation suggests that in-plane 

scattering that has not been angle randomized may have a common set of dynamical 

features that are approximately independent of the incident atom and the nature of the 

liquid-vacuum interface at a fixed θi.  However, it is important to note the limitations of 

the data used to make this claim.  For example, at low θi, IS and total flux angular 

distributions from liquid interfaces tend to be very broad and highly damped toward a 

cos(θf) function, making it difficult to resolve the shape of the component IS flux angular 

distribution that is not proportional to a cos(θf) function.  In situations where one is 

interested in single-collision, gas-phase-like scattering from a liquid-vacuum interface, 

nonthermal scattering flux that is proportional to a cos(θf) function may obscure the desired 

signal.  However, as demonstrated in this paper, the scattering angle-randomized 

component of the total flux angular distributions may itself be useful in characterizing 

liquid-vacuum interfacial structure.  MD studies may help identify the atomistic features 

of the liquid-vacuum interface that are responsible for cos(θf) character in total or IS flux 

angular distributions. 

 

Conclusion 

 

 

We have presented a new analysis of previously published data from three different 

gas-liquid scattering experiments, and  we report a trend that has not been previously 
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acknowledged in the literature.  If f(θf) and g(θf) are two different flux angular distributions, 

our analysis demonstrates that f(θf) ≈ c1∙g(θf) + c2∙cos(θf) where c1 and c2 are constants.  

Furthermore, we find that the relative cos(θf) character between total in-plane flux angular 

distributions from the liquid-vacuum interfaces of two qualitatively different low vapor 

pressure liquids (squalane and PFPE) appears to be independent of the identity of the 

incident atom, its incident velocity, and its incident angle.  The independence of the relative 

cos(θf) character strongly suggests that relative cos(θf) character may be an intrinsic 

property of the pair of liquid surfaces studied.  A careful analysis of this phenomenon in 

the context of existing knowledge in the literature suggests that the relative cos(θf) 

character metric is a result of multiple-collision scattering trajectories that are promoted by 

differences in atomic-scale roughness between the two liquid-vacuum interfaces under 

consideration.  This study represents an important advancement in the experimental 

investigation of gas-liquid scattering dynamics from the liquid-vacuum interface.  More 

research is needed to map the range and generality of the ideas presented in this study. 
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Abstract 

 

 

The speciation, conformation, and reactivity of transition metal complexes at the 

gas-liquid or liquid-vacuum interface are poorly understood despite the potential for 

observing chemistry unique to the anisotropic liquid-vacuum interface and leveraging 

interface structure to control the state and environment of the complex.  If transition metal 

complexes can be designed to populate the liquid-vacuum interface, it may be possible 

explore catalytic behavior by delivering reactants to the interface with a molecular beam 

and monitoring the scattering dynamics of reaction products to obtain detailed information 

on the reaction mechanism.  In this preliminary experimental study, we use reactive-atom 

scattering (RAS) with a hyperthermal F-atom probe, X-ray photoelectron spectroscopy 

(XPS), and time of-flight secondary ion mass spectrometry (TOF-SIMS) to explore the 

interfacial composition and structure of a ~2 mg/mL solution of [RuCl2(p-

cymene)P(C8H17)3] in perdeuterated 1-ethyl-3-methylimidazolium 

bis(trifluoromethylsulfonyl)imide (d11-[C2mim][Tf2N]).  These data indicate that the 

complex is present as the [RuCl(p-cymene)P(C8H17)3]
+ ion (having lost a Cl- ion) at or near 

the liquid-vacuum interface with a number density that is much higher than expected from 

the bulk concentration.  By analogy with prior work on [C2mim](1-x)[C12mim]x[Tf2N], we 



169 

 

conclude that our data are consistent with a model where the charged metal center displaces 

a d11-[C2mim]+ cation in the outermost sheet of [C2mim][Tf2N] and the hydrocarbon chains 

of the P(C8H17)3 ligand protrude into vacuum. 

 

Introduction 

 

 

The concept, science, and practice of chemical catalysis with organometallic 

compounds has been recognized by several recent Nobel prizes (asymmetric 

hydrogenation227, metal-catalyzed alkene metathesis228-230, palladium catalyzed cross 

coupling reactions231, etc.), and the field of  homogeneous transition metal complex 

catalysis continues to be vitally important to the fine chemical industry.232  As the name 

implies, “homogeneous catalysis” is typically focused on the behavior of transition metal 

complex solutes in the bulk phase of a solvent.  However, little is known about the behavior 

and catalytic activity of these transition metal complex solutes at interfaces, particularly 

the liquid-gas or liquid-vacuum interfaces.  This paucity of knowledge is primarily a result 

of experimental difficulties associated with probing the composition, structure, and 

reactivity of a fluctuating interface with high sensitivity and interface specificity.  The 

investigation of the liquid-vacuum interface is particularly challenging because most 

common solvents have vapor pressures that make them incompatible with high-vacuum 

(10-6 to 10-9 Torr) or ultra-high vacuum (UHV, <10-9 Torr) environments without the use 

of special methods (e.g., liquid microjet195 technology).  In this context, the use of room 

temperature ionic liquids (RTILs) as solvents for transition metal complex catalysis offer 

interesting advantages.  RTILs are molecular salts that are liquid at or near room 
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temperature.149-150  They have solvation properties that are typically comparable to 

common molecular solvents but the strong Coulomb interactions between ions in the liquid 

result in extremely low vapor pressures.  RTILs are thus typically stable in UHV 

environments, permitting the use of a wide range of powerful surface science methods that 

can provide information on liquid-vacuum interface composition, structure, and reactivity.  

Examples of vacuum surface science methods that can be applied to ionic liquids include 

sum frequency generation (SFG),123, 175-176, 233-234 low-energy ion scattering (LEIS),128 

high-resolution Rutherford backscattering (HRBS),130, 235 X-ray photoelectron 

spectroscopy (XPS),177 time-of-flight secondary ion mass spectrometry (TOF-SIMS),236 

and reactive-atom scattering (RAS).3, 180-181, 183, 199, 225    

Among these methods, reactive-atom scattering with mass spectrometric detection 

(RAS-MS)181, 225 is particularly attractive.  RAS-MS can deliver a wide variety of gaseous 

reactants to the liquid-vacuum interface under controlled conditions with a molecular 

beam.  The velocity and angular distributions of specific reaction products that promptly 

scatter (<1 μs) from the liquid-vacuum interface can be monitored with high sensitivity.  

These distributions can provide insight on the nature of the reaction mechanism and strong 

dynamical evidence for the interface specificity of the reaction.  If transition metal 

complexes can be engineered to populate the extreme RTIL-vacuum interface, RAS-MS 

studies can be designed to probe transition metal complex reactivity at this interface.  The 

ability to observe catalytic reaction products originating from the extreme liquid-vacuum 

interface opens up the possibility of observing reaction intermediates, as desorption into 

vacuum should be an important loss pathway that can preserve unstable or highly reactive 
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intermediates.  For example, highly reactive D-atom intermediates produced by near-

interface solvated electrons were detected by delivering sodium atoms to the liquid-vacuum 

interface of glycerol with a molecular beam.4  Also, a variety of reaction intermediates 

from the surfactant-promoted reactions of Cl2 and Br2 with Br– in glycerol were detected 

with the use of the RAS-MS technique.109 

In extensively studied liquids like water, the extreme anisotropy of the liquid-

vacuum interface has been demonstrated to modify the chemical and physical properties of 

the interface relative to the liquid bulk.  For RTIL’s, the anisotropy of the liquid-vacuum 

interface is known to cause the ions that are exposed to vacuum to order, resulting in a 

liquid-vacuum interfacial structure that is dramatically different from the bulk liquid 

structure.121  The chemical consequences of this ordering are, in general, poorly 

understood.  However, for highly reactive gases that attack atoms of the ionic liquid ions, 

ion orientation has been demonstrated to control the location of the reaction site by 

regulating the accessibility of different functional groups to the reactive gas.225  In addition, 

ionic liquids are tunable in the sense that the interfacial structure and other chemical and 

physical properties of the liquid can be modified by changing the identity of the constituent 

ions.  Provided that transition metal complexes can be designed to populate the extreme 

liquid-vacuum interface with sufficiently high concentration, it may be possible to leverage 

the tunable RTIL interface structure to modify the position, orientation, local environment, 

and reactivity of a transition metal complex at or near the liquid-vacuum interface. 

The strong Coulomb interactions between RTIL ions tend to result in high liquid 

viscosities that can have a negative impact on many practical catalytic applications of 
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transition metal complex solutions with RTILs.  Supported ionic liquid phase (SILP) 

systems minimize these transport issues by either anchoring the complex to a solid support 

and coating the support with a RTIL thin-film or coating the support with a thin-film of a 

solution of the complex in a RTIL.  Unfortunately, in many situations, anchoring to a solid 

support can have detrimental effects on important catalysis metrics such as reactivity and 

selectivity.  Therefore, research on composition, structure, and reactivity of the liquid-

vacuum interface of a catalyst + RTIL solution may provide useful information on the 

viability of anchoring the catalyst to the liquid-vacuum interface. 

In this study, we have investigated the composition and structure of the liquid-

vacuum interface of a transition metal complex solute in a RTIL solvent.  Three vacuum 

surface science methods were used: RAS-MS with a hyperthermal F-atom probe, XPS, and 

TOF-SIMS.  To promote interfacial activity of the transition metal complex solute, we 

designed and synthesized the novel coordination compound [RuCl2(p-cymene)P(C8H17)3].  

This Ru complex is a variant of a well-known hydrogenation pre-catalyst.  A perdeuterated 

variant of the common RTIL, 1-ethyl-3-methylimidazolium 

bis(trifluoromethylsulfonylimide) or d11-[C2mim][Tf2N], was selected as the solvent so 

deuterium-atom abstraction from d11-[C2mim]+ by incident F atoms to form DF could be 

distinguished from hydrogen-atom abstraction from the Ru complex to form HF.  We have 

found that the Ru complex exist as [RuCl(p-cymene)P(C8H17)3]
+ at the liquid-vacuum 

interface and is oriented to expose the p-cymene group and/or the P(C8H17)3 

(trioctylphosphine) group to the vacuum.  When the liquid-vacuum interface is continually 

refreshed in high vacuum with a scraper and allowed ~1 second to restructure before 
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exposure to a reactant gas, the Ru complex number density is on the order of ~2-3% of the 

total number density of the Ru complex, d11-[C2mim]+, and [Tf2N]– at the interface.  These 

observations on liquid-vacuum interface composition and structure are expected to inform 

future studies on catalyst reactivity at the liquid-vacuum interface. 

 

Methods 

 

 

Sample Preparation 

 

Pure samples of 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide 

 

([C2mim][Tf2N]), 1-(D5)ethyl-3-(D3)methyl(D3)imidazolium 

bis(trifluoromethylsulfonyl)imide (d11-[C2mim][Tf2N]), and the coordination complex, 

[RuCl2(p-cymene)P(C8H17)3], were synthesized (see Figure 1).   [C2mim][Tf2N] and d11-

 
Figure 1.  Molecular structures with names and abbreviations of two ionic liquid ions and the ruthenium 

coordination complex prepared for this study. 
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[C2mim][Tf2N] are colorless liquids.  [RuCl2(p-cymene)P(C8H17)3] was obtained as a rust-

colored crystalline powder.  A ~2 mg/mL solution of [RuCl2(p-cymene)P(C8H17)3] in d11-

[C2mim][Tf2N] was prepared by adding 0.0080 g of [RuCl2(p-cymene)P(C8H17)3] to 4 mL 

of d11-[C2mim][Tf2N] and repeatedly stirring and sonicating the mixture at room-

temperature until a majority of the solid dissolved. The resulting solution was an orange-

red color.  A few flakes of the sample did not dissolve.  The homogeneous solution was 

pipetted off, leaving the flakes behind. 

 

Reactive-Atom Scattering (RAS) 

 

All RAS data were collected with the use of a crossed-beams apparatus configured 

for beam-surface scattering.4, 8, 84, 181-182, 194  This instrument functions by directing a 7 J 

pulse of 10.6 μm light from a CO2 TEA laser though a ZnSe window into a “source” 

vacuum chamber pumped by a 2400 L/s turbomolecular pump to a base pressure of 2.0 x 

10-7 Torr.  Inside the source vacuum chamber, this laser pulse is simultaneously redirected 

and focused into the throat of a copper cone with a concave gold mirror.  In the throat of 

the copper cone, the focused laser radiation encounters a sulfur hexafluoride (SF6) gas 

pulse that was injected into the source vacuum chamber by a custom piezoelectric pulsed 

valve (stagnation pressure of 210 psig).  Laser-induced breakdown of the SF6 gas near the 

apex of the copper cone initiates a detonation event that evolves into a blast wave that 

propagates through the remaining gas in the cone.  The gas dynamics inside the copper 

cone promote charge-charge recombination but discourage atom-atom recombination, 

resulting in a spatially well-defined pulse of high-velocity, neutral atomic fluorine and 

sulfur.  This hyperthermal gas pulse travels through the source vacuum chamber before 
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encountering a skimmer and aperture that permit the central portion of the pulse to exit the 

chamber and enter a “main” vacuum chamber as a collimated beam (approximately 1.3 

mm x 2.0 mm).  In the main vacuum chamber (base pressure < 5.0 x 10-7 Torr), a 

synchronized chopper wheel is used to selectively transmit F and S atoms that have 

velocities that lie within a narrow velocity range.  After the chopper wheel, the F-atom 

translational energy distribution has an average of ~384 kJ mol-1 and a FWHM of ~50 kJ 

mol-1.  This sequence of events is executed with a repetition rate of 2 Hz to create a pulsed 

hyperthermal beam of F and S atoms. 

After velocity-selection with the chopper wheel, F and S atoms in the pulsed 

hyperthermal beam collide with molecules at the liquid-vacuum interface of a ~2 mg/mL 

solution of [RuCl2(p-cymene)P(C8H17)3] in d11-[C2mim][Tf2N].  This liquid-vacuum 

interface was prepared by rotating a polished stainless-steel wheel through a temperature-

controlled reservoir of the ionic liquid mixture and scraping the resulting film to a uniform 

thickness of 102 μm.  The liquid temperature was held at 295 ± 1 K.  The rotation frequency 

of the reservoir wheel was fixed at 0.25 Hz to ensure that every pulse of the hyperthermal 

F/S-atom beam encounters a freshly prepared liquid-vacuum interface free from the 

reaction products of the previous gas pulse.  The entire liquid reservoir assembly can rotate 

about an axis, 𝑟, that (1) passes through a point, P, at the center of the circular or elliptical 

area of the liquid-vacuum interface that is exposed to the pulsed hyperthermal beam, (2) is 

contained within the front face of the rotating wheel, and (3) is perpendicular to the axis of 

the pulsed hyperthermal beam, �⃑⃑�.  Thus, the incident angle, θi, of the F and S atoms in the 

pulsed hyperthermal beam with respect to macroscopic interfacial normal of the liquid film, 
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�⃑⃑�, can be adjusted by rotating the reservoir assembly about 𝑟.  Note that, under the 

conditions of this experiment, the liquid interface receives approximately 2 × 1014 F atoms 

cm-2 pulse-1 or approximately 10% of a monolayer per pulse. 

It is important to note that S atoms in the pulsed hyperthermal beam are a biproduct 

of the process of producing F atoms.  However, S atoms are not expected to interfere with 

F atom chemistry at the liquid-vacuum interface because the flux is low (from 

stoichiometry, the S atom flux should be approximately 1/6th the F atom flux) and because 

most of the hyperthermal F and S atoms are expected to scatter from the liquid-vacuum 

interface without reacting (e.g., nonthermal F-atom flux is approximately 71% of the 

combined F and HF flux from the liquid-vacuum interface of 1-butyl-3-methylimidazolium 

bis(trifluoromethylsulfonyl)imide at θi = 60° and θf = 70°225).  The rotating wheel of the 

liquid reservoir ensures that every pulse of the hyperthermal beam encounters a freshly 

prepared liquid-vacuum interface that is free from the radicals and reaction products of the 

previous pulse.  Both F and S atoms in the pulsed hyperthermal beam can react with atoms 

at the liquid-vacuum interface.  In this study, we focus on the reactive and nonreactive 

scattering of F atoms because S-atom scattering is complicated by the isotopes of sulfur 

and dissociative ionization (see Results section). 

F, HF, and DF that scattered from the liquid-vacuum interface at an exit angle θf 

with respect to �⃑⃑� were detected by passing through the entrance aperture of a mass 

spectrometer that can independently rotate about 𝑟 in a plane defined by �⃑⃑� and �⃑⃑�.  Negative 

values of θf indicate that the pulsed hyperthermal beam and the rotatable mass spectrometer 

are on the same side of �⃑⃑�.  Positive values of θf indicate that the pulsed hyperthermal beam 
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and the rotatable mass spectrometer are on opposite sides of �⃑⃑�.  The rotatable mass 

spectrometer contains an electron-bombardment ionizer196 coupled to a quadrupole mass 

filter and a Daly-type ion counting system.197  In this experiment, the rotatable mass 

spectrometer was used to collect number density distributions (N(t), also referred to as 

time-of-flight or TOF distributions) as a function of product flight time from the liquid-

vacuum interface to the electron-bombardment ionizer.  In general, products that promptly 

scatter from the liquid-vacuum interface (<1 μs residence time after the arrival of the 

incident hyperthermal pulse of F atoms) typically yield bimodal TOF distributions.237  The 

TOF peak at shorter flight times is produced by impulsive scattering (IS) trajectories where 

the incident atom or reaction product undergoes only a few (perhaps < 5)36 collisions with 

interfacial atoms before scattering into the vacuum.  IS atoms or molecules do not attain 

thermal equilibrium with the liquid-vacuum interface before exiting the surface.   

Also, IS atoms or molecules retain some “memory” of the pre-collision conditions 

after exiting the surface, and their scattering dynamics will generally vary with θi, Ei, 

collision site, etc.  The TOF peak at longer flight times is produced by thermal desorption 

(TD) trajectories where the incident atom or reaction product undergoes a sufficient 

number of collisions at the interface to lose all “memory” of the pre-collision conditions 

before exiting the surface, often with a Maxwell-Boltzmann (MB) velocity distribution at 

the temperature of the liquid interface.  Assuming that there is no barrier to 

adsorption/desorption and trapping is not dependent on the incident angle, TD atoms or 

molecules exit the surface with an angle-randomized, integrated flux angular distribution 

that is proportional to cos(θf). 
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Bimodal TOF distributions for F, HF, and DF scattering from the liquid-vacuum 

interface of the ionic liquid mixture were decomposed into the component IS and TD 

number density distributions.  The TD component was isolated by fitting the appropriate 

peak or shoulder of the total TOF distribution to a number density distribution that 

corresponds to a MB velocity distribution at the temperature of the liquid interface.  The 

IS component was isolated by subtracting the TD component from the total TOF 

distribution.  The intensity of the IS and TD components were calculated by converting 

each number density distribution to a flux distribution and integrating the resulting peak.  

The average energy of the IS component was calculated by converting the IS number 

density distribution to a flux distribution, applying a coordinate transformation to change 

the dependent variable from time to translational energy, and computing the average value 

of the resulting translational energy probability density distribution, P(ET).  Binary-

encoded TOF data were exported in an ASCII format and processed by custom data 

analysis functions composed in Igor Pro 7 (WaveMetrics, Inc., Lake Oswego, OR, USA). 

In general, RAS experiments can be carried out with a wide variety of gaseous 

probe atoms or molecules.  In this study, hyperthermal F atoms were selected as the ideal 

probe of ionic liquid-vacuum interfacial composition and structure.  There are several 

reasons that justify this selection.  First, F atoms are known to form a simple, terminal, and 

stable monohydride product in high yield when interacting with hydrocarbons.  Also, F 

atoms only have one stable isotope (19 Da).  Thus, H-atom abstraction from the liquid-

vacuum interface by an F atom should only produce scattered HF with a mass of 20 Da and 

a signal in the mass spectrometer detector at a mass-to-charge ratio of m/z = 20 (HF+).  
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Similarly, abstraction of a D atom from the liquid-vacuum interface by an F atom should 

only produce scattered DF with a signal at m/z = 21 (DF+).  Second, HF and DF are 

expected to show little to no dissociative ionization in the electron bombardment ionizer,201  

simplifying the interpretation of the scattered F atom signal at m/z = 19 (F+) because there 

is no component of this signal that originates from scattered HF or DF.  The ability to detect 

all three relevant products (F, HF, and DF) uniquely increases data collection efficiency 

and simplifies the interpretation of TOF distributions collected at m/z = 19, 20, and 21.  

Third, F atoms are extremely reactive, with <4 kJ mol-1 H-atom abstraction barriers for 

aliphatic C-H bonds, and should show little bias between equally accessible aliphatic C-H 

reaction sites.  Low bias between equally accessible reactive sites is helpful in quantifying 

relative surface composition.  In addition, the high reactivity of the F-atom probe should 

improve the reactive scattering yield and the overall sensitivity of the method.  Also, there 

is some evidence that the high reactivity of the probe may increase the surface specificity 

of the TD channel.225  Fourth, for an individual collision at the interface, hyperthermal 

translational energies for the incident atom tend to promote short and highly localized 

collisions.  In this “structural scattering” regime,18 gas-liquid collisions should follow 

trends that are qualitatively consistent with the predictions of a hard-sphere scattering 

model that has been extended to include inelastic translational energy transfer (a “soft-

sphere” model).36  Also, in the structural scattering regime, increasing the translational 

energy of the incident atom tends to increase the probability of IS at the expense of TD.  

These trends are desirable because (1) the defining characteristics of IS provide strong 

dynamical evidence of the extreme surface specificity of this scattering pathway and (2) 
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highly localized IS can permit the association of scattering observables, such as energy 

transfers and angular distributions, with properties of the reaction site.  As the fifth and 

final justification for the selection of a hyperthermal F-atom beam in the RAS experiments 

performed in this study, the high velocity of the incident F atom improves the flight time 

separation between IS and TD TOF distributions.  The physical origin of this effect is 

rooted in the properties of structural scattering.  In this scattering regime, translational 

energy transfer associated with IS should increase with the translational energy of the 

incident atom.  Thus, increasing the translational energy of the incident atom should 

increase the translational energy of IS, which is equivalent to reducing the flight time of 

the associated IS TOF peak.  As the TD TOF peak is only a function of the surface 

temperature, increasing the hyperthermal F-atom velocity improves the flight-time 

resolution between the IS and TD TOF distributions. 

 

X-Ray Photoelectron Spectroscopy (XPS) 

 

X-ray photoelectron spectra were collected with the use of a Physical Electronics 

5600 X-ray photoelectron spectrometer with AugerScan software (RBD Instruments, Inc., 

Bend, OR, U.S.A.).  This instrument uses a focused, monochromatic Al Kα source to 

deliver a 2 mm diameter beam of soft X-rays with a photon energy of 1486.6 eV to the 

sample.  The X-ray power was fixed at 250 W.  The angle of incidence of the 

monochromatic X-rays was 45° with respect to sample interface normal.  Electron emission 

from an 800 μm diameter region of the sample was monitored at an exit angle of 45° with 

respect to the interfacial normal of the sample.  Note that the Physical Electronics 5600 
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instrument makes use of a hemispherical electron energy analyzer and a multichannel plate 

detector.   

Two samples were studied, pure [C2mim][Tf2N] and an ~2 mg/mL solution of 

[RuCl2(p-cymene)P(C8H17)3] in d11-[C4mim][Tf2N].  Both samples were prepared by 

spreading ~50 μL on a clean silicon wafer.  Both samples were stable in the UHV 

environment of the XPS instrument (base pressure of 10-9 Torr with the sample present in 

the chamber).  Survey spectra were collected from a binding energy of 0 to 1400 eV with 

a 0.4 eV increment and a pass energy of 46.95 eV.  High-resolution spectra of specific 

photoelectron peaks were collected with an increment of 0.1 eV and a pass energy of 23.50 

eV.  As discussed in the literature,238 the ionic conduction of room temperature ionic liquids 

is sufficient to prevent severe charging of the liquid-vacuum interface and extreme 

distortion of the XPS peak shape without applying electrons to the liquid-vacuum interface 

with an electron gun.  However, ion conduction in room-temperature ionic liquids is 

insufficient to completely prevent the liquid-vacuum interface from developing a small 

positive charge under the conditions of this experiment.  This small positive charge at the 

liquid-vacuum interface uniformly increases the binding energy of all XPS peaks detected 

from the ionic liquid.  To correct for this offset, the binding energy axis was shifted to 

ensure that the N 1s photoelectron peak from [C2mim]+ or d11-[C2mim]+ was centered at 

402.1 eV.  Note that this reference value was derived in the literature by correcting the 

aliphatic C 1s photoelectron peak from [C8mim][Tf2N] to 285.0 eV.238 

 AugerScan was used to export all spectra as ASCII files containing the associated 

binding energy and an amplitude proportional to electron count.  These ASCII files were 
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plotted and processed using custom and built-in functions in Igor Pro 7.  The background 

in the X-ray photoelectron spectra was fit to a linear or Shirley background depending on 

the shape of the background.  All peaks were fit with a Gaussian/Lorentzian product line 

shape 

𝑒−4 𝑙𝑛(2)(1−𝑚)(𝐸−𝐸0)2𝐹−2
(1 + 4𝑚(𝐸 − 𝐸0)2𝐹−2) (1) 

 

where m is fixed at 0.30 (30% Lorentzian), E0 is the peak position in eV, F is the peak 

FWHM in eV, and E is the binding energy in eV.  Atomic sensitivity factors were obtained 

from the Handbook of X-Ray Photoelectron Spectroscopy.239 

Otherwise identical atoms in chemically distinct environments display small shifts 

in the core-electron binding energies relative to those that would be observed in vacuum.  

When these chemical shifts are large enough to resolve the presence of multiple peaks in 

an X-ray photoelectron spectrum, they can facilitate spectral decomposition schemes that 

can be used to estimate the relative abundance of elements in specific chemical states.  In 

this study, favorable chemical shifts allow C atoms in [Tf2N]–, N atoms in [Tf2N]–, and N 

atoms in [C2mim]+ or d11-[C2mim]+ to be distinguished and independently quantified.   

The most intense XPS peaks for ruthenium and carbon are associated with electron 

ejection from the 3d and 1s orbitals, respectively.  Both Ru 3d and C 1s peaks must be 

carefully integrated to quantify the relative number density of ruthenium and carbon in the 

liquid volume probed by XPS.  Unfortunately, the Ru 3d5/2 peak is partially obscured and 

the Ru 3d3/2 peak is completely obscured by the intense C 1s peaks associated with aliphatic 

carbon, aromatic carbon, carbon shifted by bonding with nitrogen, and carbon shifted by 

bonding with phosphorous.  The procedure used to separate the Ru 3d peaks from the C 1s 
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peaks is as follows.  Two Shirley240 backgrounds were used in the C 1s/Ru 3d region of the 

XPS spectrum.  The first Shirley background removes inelastic electron scattering from the 

C 1s peak associated with carbon atoms in the [Tf2N]– anion.  The second Shirley 

background removes the inelastic electron scattering from the remaining C 1s peaks and 

the Ru 3d peaks.  After background removal, the Ru 3d5/2 peak was fit to a 

Gaussian/Lorentzian product function (see Equation 1).  To predict the position, intensity, 

and width of the Ru 3d3/2 peak, we made use of several observations.  First, the Ru 3d3/2 

peak should be at a higher binding energy than the Ru 3d5/2 peak.  Second, the Ru 3d 

splitting has been measured as 4.17 eV for a large number of ruthenium compounds in a 

wide variety of oxidation states.241  Third, both Ru 3d spin orbit peaks should have the 

same width.  Fourth, the peak amplitude of the Ru 3d3/2 peak should be two-thirds the peak 

amplitude of the Ru 3d5/2 peak.177  With this information, the Ru 3d3/2 peak was predicted 

from the position, width, and amplitude of the Ru 3d5/2 peak.  Both Ru 3d peaks were then 

subtracted from the XPS spectrum.  The remaining C 1s signal was integrated numerically. 

 

Time-of-Flight Secondary Ion 

Mass Spectrometry (TOF-SIMS) 

 

Positive and negative TOF-SIMS spectra were collected from a Phi-Evans TRIFT 

I instrument with WinCadence software (Physical Electronics, Inc., Chanhassen, MN, 

U.S.A.).  Approximately 50 μL of a ~2 mg/mL solution of [RuCl2(p-cymene)P(C8H17)3] in 

d11-[C2mim][Tf2N] was used to prepare an ionic liquid film on the TOF-SIMS sample 

mount.  This liquid film was introduced into the TOF-SIMS chamber and found to be stable 

under UHV conditions (base pressure <1.0 x 10-8 Torr).  Depending on the polarity of the 
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TOF-SIMS spectrum, this sample was held at a bias of ± 3 keV.  A pulsed beam of 66Ga+ 

was prepared with a primary kinetic energy of 15 keV, a repetition rate of 10 kHz, and a 

pulse width <14 ns.  This ion beam was directed at an area smaller than 1 μm2 at the liquid-

vacuum interface of the ionic liquid mixture.  To ensure static SIMS conditions, the 

primary ion dose was kept below 1013 ions cm-2.  To prevent charging of the sample, low-

energy (<20 eV) electrons were intermittently applied to the sample.  A multi-stop time-

to-digital converter was used to record time-of-flight spectra of secondary ions emitted 

from the liquid-vacuum interface with a time precision of 138 ps and a mass resolution 

(m/Δm) of approximately 2000.  Both positive and negative ion TOF-SIMS spectra were 

recorded from m/z = 0-3000.  All spectra were exported from WinCadence as ASCII files 

containing the number of ion counts associated with all detected m/z.  These data were 

binned and plotted using custom functions composed in Igor Pro 7. 

 

Results 

 

 

Reactive-Atom Scattering 

 

Figure 2 shows representative TOF distributions that were collected at m/z = 19, 

20, and 21 which correspond to scattered F, HF, and DF.  Clear IS signals were observed 

in all the TOF distributions for these products.  The observation of IS HF is unambiguous 

evidence that C-H bonds are accessible to the F atom probe at the continually-refreshed 

liquid-vacuum interface of the ionic liquid mixture.  Clear IS signals were also observed at 

m/z = 32, 33, and 34.  Unfortunately, detailed analysis of these sulfur products was 

complicated by the isotopic distribution of sulfur (94.99% 32S, 0.75% 33S, 4.25% 34S, and 
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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 were directed toward the liquid-vacuum interface of an ~2 

mg/mL solution of [RuCl2(p-cymene)P(C8H17)3] in d11-[C2mim][Tf2N] at an incident angle of 45°.  The 

TOF distributions has been separated into components corresponding to products that were impulsively 

scattered (IS) and thermally desorbed (TD). 
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0.01% 36S), the mono- and dihydrides of sulfur, and the multiple dissociative ionization 

pathways that are possible in the electron bombardment ionizer (SH → S+ + H, H2S → 

SH+ + H, HSD → SD+ + H, etc.).  Because the ionic liquid mixture contains a Cl– ligand, 

it might be possible for an incident F atom to form the mixed halide molecule FCl.  The 

observation of IS or TD FCl would prove that this reaction can occur.  Also, the observation 

of IS FCl would unambiguously demonstrate that Cl atoms are accessible to the vacuum in 

the ionic liquid mixture.  As Cl has two isotopes, 76% percent of the FCl should be 

produced at m/z = 54 and 24% at m/z = 56.  However, no clear IS or TD signal was observed 

at m/z = 54 or 56.  Thus, we find no evidence suggesting that hyperthermal F atoms can 

form FCl and no evidence that Cl atoms are exposed to vacuum at the liquid-vacuum 

interface. 

For all products, the integrated IS flux angular distribution between θf = 20° and θf 

= 80° increases as θi increases (see Table 1).  For F and DF, the integrated TD flux angular 

distribution between θf = 20° and θf = 80° decreases as θi increases (see Table 2).  Despite 

an interesting insensitivity of the TD HF flux with incident angle (see Table 2), the ratio 

of the IS flux angular distribution integrated between θf = 20° and θf = 80° to the TD flux 

angular distribution integrated between θf = 20° and θf = 80° increases as θi increases for 

F, HF, and DF (see Table 3).  This increase of the IS/TD ratio with increasing θi is 

commonly observed in hyperthermal RAS experiments and is a consequence of several 

factors.  For example, in the structural scattering regime, larger incident angles produce 

lower deflection angles (Χ = 180° - θi - θf), which results in lower average collisional energy 

transfers (e.g., see Figure 4).5  Also, at larger θi, a larger range of forward-scattered 
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trajectories is not directed toward the liquid, reducing the probability of secondary 

collisions.  Lowering the average collisional energy transfer and reducing the number of 

secondary collisions increases IS at the expense of TD, increasing the IS/TD ratio. 

Although the details of the liquid-vacuum interfacial structure and gas-liquid 

scattering dynamics are crucially important in relating the product yields to the 

composition of the liquid-vacuum interface, we can obtain a crude but purely experimental 

estimate of the concentration of the Ru complex at the interface with a few simple 

assumptions.  We assume that (1) IS HF and DF yields are proportional to the number 

density of C-H and C-D bonds accessible to the vacuum, (2) each d11-[C2mim]+ at the 

liquid-vacuum interface contributes 8 alkyl C-D bonds to the interface, (3) each Ru 

complex is positively charged (justified below) and contributes 61 aliphatic C-H bonds to 

the liquid-vacuum interface, and (4) cations and anions are present at the extreme liquid-

vacuum interface in equal numbers.  If these assumptions are roughly correct, the IS HF 

and IS DF yields suggest that the number density of the Ru complex is ~2-3% of the total 

number density of the Ru complex, d11-[C2mim]+, and [Tf2N]– at the interface.  This 

percentage seems small, but it is orders of magnitude larger than expected from bulk 

stoichiometry and has the same order of magnitude as the estimate obtained from the XPS 

data described below.  It is important to note that the liquid-vacuum interface had 

approximately one second to reorganize and restructure as the rotating wheel of the liquid 

reservoir moved the liquid film past the scraper into a position where it was exposed to the 

hyperthermal F-atom beam pulse. 



188 

 

The branching between IS and TD, the IS angular distributions, and the IS 

translational energy transfer trends are dynamical RAS observables.  Although the 

dynamical RAS observables in this study can be correlated with qualitatively similar 

observations on different chemical systems in the literature, the trends are complex and do 

not support a simple, consistent interpretation. For example, the data in Table 3 

demonstrate that the IS/TD flux ratio is larger for DF scattering compared to HF scattering 

at θi = 30°, 45°, and 60°.  Although the physical origin of this effect is currently unclear, 

our observations are qualitatively consistent with the results of a study by Nathanson and 

coworkers108 where molecular DCl was scattered from the liquid-vacuum interface of pure 

glycerol and a solution of 0.03 M tetrahexylammonium bromide in glycerol (THABr-

glycerol).  Prompt and nonreactive DCl scattering from the THABr-glycerol had a lower 

IS flux and a higher TD flux relative to analogous fluxes obtained from pure glycerol.  The 

authors suggested that the decrease in IS flux is a consequence of THA+ hexyl groups 

deflecting IS DCl over a broader angular range (presumably both in-plane and out-of-

plane).  Although our angular distributions (Figure 3) show that IS DF from d11-[C2mim]+ 

scatters over a broader range than IS HF from the Ru complex, it is still possible that the 

full 3D angular distribution of IS HF is broader than that of IS DF.  In the experiment of 

Nathanson and coworkers, the increase in TD DCl flux was attributed to a THA+-induced 

reduction of a loss pathway were incident DCl is transported into the liquid bulk.  We have 

no quantitative information on the fraction of HF or DF molecules that dissolve into the 

ionic liquid bulk. 
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 IS F, HF, and DF angular distributions for θi = 30°, 45°, and 60° are shown in 

Figure 3.  As discussed in a previous publication,225 IS angular distributions from soft, 

atomically rough, and thermally disordered interfaces, such as those of ionic liquids, appear 

to be dominated by different degrees of damping toward a cos(θf) function, which is a 

signature of angle randomization that is one of two defining features of TD.  The existing 

evidence suggests that this phenomenon is a result of changes in the importance of 

multiple-collision trajectories that contribute to the in-plane scattered products that we 

observe.  For example, lower θi increases the number of trajectories that direct the scattered 

product toward the liquid after the initial collision at the interface, which in turn increases 

the average number of collisions that the product atom or molecule makes in the interfacial 

region before it scatters into the vacuum.  If the products exit the interface before reaching 

thermal equilibrium with the liquid, then they have hyperthermal translational energies and 

Table 1.  Cartesian integrals of the IS flux angular distributions of F, HF, and DF from θf = 20° to θf = 

80° in arbitrary intensity units. 

Incident Angle IS F IS HF IS DF 

30° 5.5 0.44 1.3 

45° 7.4 0.50 1.4 

60° 10. 0.74 1.6 

 

Table 2.  Cartesian integrals of the TD flux angular distributions of F, HF, and DF from θf = 20° to θf = 

80° in arbitrary intensity units. 

Incident Angle TD F TD HF TD DF 

30° 0.44 0.44 0.99 

45° 0.34 0.41 0.78 

60° 0.24 0.49 0.43 

 

 

Table 3.  IS/TD ratios of scattered F, HF, and DF flux, derived from the values in Tables 1 and 2. 

Incident Angle IS/TD Ratio For F IS/TD Ratio for HF IS/TD Ratio for DF 

30° 13 1.0 1.3 

45° 22 1.2 1.8 

60° 43 1.5 3.6 
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are classified as IS products even while their scattering directions have been randomized 

by the multiple collisions at the interface.  The resulting IS angular distributions of IS 

product flux thus have a larger cos(θf) character when θi is lower.  Interestingly, the prior 

work has also demonstrated that IS angular distributions from structurally distinct surface 

sites at the liquid-vacuum interface appear to be dominated by differences in cos(θf) 

character.225  Surface sites leading to higher cos(θf) character in angular distributions either 

promote more secondary collisions, increase the importance of secondary-collision 

trajectories by reducing the number of in-plane single-collision trajectories, or both.  The 

existing evidence suggests that all three situations should be controlled by the local 

environment of the scattering site.  It appears that products that scatter from reaction sites 

protruding into vacuum where the local atom density is low have lower cos(θf) character 

on their angular distributions.  Similarly, reaction sites that are closer to the instantaneous 

interface but still accessible to a gas-phase probe tend to lead to angular distributions with 

higher cos(θf) character.  As shown in Figure 3, the IS DF angular distribution has more 

cos(θf) character than the IS HF angular distribution.  By analogy with previous studies on 

a pure ionic liquid, this result suggests that the hydrocarbon groups detected at the liquid-

vacuum interface of a ~2 mg/mL solution of [RuCl2(p-cymene)P(C8H17)3] in d11-

[C2mim][Tf2N] protrude into vacuum and occupy a low-density region of space above the 

liquid interface.  Note that the average angle of the octyl chains that are exposed to vacuum 

is currently unknown. 

TOF distributions can be mathematically inverted to translational energy 

probability density distributions, from which the average translational energy of a specific 
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product can be determined.  Thus, the fraction of the initial average translational energy 

that is lost during the IS event can be calculated.  This quantity is often referred to as the 

average fractional energy transfer, Δ⟨Ε⟩/⟨Ei⟩ or (⟨Εi⟩ - ⟨Εf⟩)/⟨Ei⟩.  For nonreactive scattering 

of an atom from the liquid-vacuum interface (with no collision-induced electronic 

transitions within the incident atom), Δ⟨Ε⟩/⟨Ei⟩ is equivalent to the average energy 

delivered to the liquid by the collision.  For reactive scattering of an atom from the liquid-

vacuum interface, the Δ⟨Ε⟩/⟨Ei⟩ has a more complex meaning because it includes the 

disposal of the translational energy of the collision and the chemical energy of the reaction 

into (1) the energy delivered to the liquid, (2) the internal excitation energy of the molecular 

product, and (3) the average translational energy of the molecular product.  With the high 

incident translational energies used in this experiment, individual collisions should be in 

the structural scattering regime where the energy transfer trends are qualitatively consistent 

with the predictions of a hard sphere scattering model.18  The hard sphere scattering model 

predicts that energy transfer should monotonically increase with the deflection angle X = 

180° – θi – θf  = 180° – (θi + θf).  To confirm Δ⟨Ε⟩/⟨Ei⟩ is a function of (θi + θf) and not θi 

or θf individually, Figure 4 shows Δ⟨Ε⟩/⟨Ei⟩ as a function of X for θi = 30°, 45°, and 60°.  

Although small deviations are visible at θi = 30°, it is clear that Δ⟨Ε⟩/⟨Ei⟩ depends on X and 

not on θi or θf individually.  Quantitatively, the IS F and IS DF data are well-described by 

an extension of the hard-sphere model that allows for inelastic collisional energy transfer.  

In this “soft sphere” model,36 

 

〈𝐸𝑖〉 − 〈𝐸𝑓〉

〈𝐸𝑖〉
=

2𝜇
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the average translational energy transfer depends on several factors: the deflection angle 

Χ; the mass ratio μ = mgas/msurface where mgas is the mass of the incident F-atom and msurface 

is a parameter that may be interpreted as the effective mass of the surface atoms that 

participate in the scattering event; and the parameter, Eint, which is the total internal energy 

of the surface and/or scattered product. 

As shown in Figure 4, Δ⟨Ε⟩/⟨Ei⟩ and Eint are clearly larger for IS HF and DF relative 

to IS F.  There are at least three possible reasons for this observation.  First, HF and DF 

products can have translational-to-rotational and translational-to-vibrational energy 

transfer, which would increase Δ⟨Ε⟩/⟨Ei⟩ relative to scattered F atoms.  Second, IS HF and 

DF scatter more broadly reducing single-collision in-plane scattering and/or increasing the 

relative flux of multiple-collision trajectories that scatter in-plane (see Figure 3).  Third, 

IS F preferentially originates from collisions with CF3 groups from the anion which may 

absorb less translational energy in analogy with other observations in the literature that 

report lower values of Δ⟨Ε⟩/⟨Ei⟩ for hyperthermal IS from liquid fluorocarbon surfaces 

relative to liquid hydrocarbon surfaces.36 

Also, Figure 4 clearly shows that msurf associated with IS F is consistently smaller 

than msurf associated with IS DF and, likely, IS HF (given that Δ⟨Ε⟩/⟨Ei⟩ for IS HF is similar 

to IS DF within the noise of the data).  This observation is consistent with previous 

(unpublished) data on hyperthermal F-atom scattering from deuterium-labeled variants of 

pure [C4mim][Tf2N] where the data unambiguously confirm that IS F consistently has a 

lower Δ⟨Ε⟩/⟨Ei⟩ relative to IS HF or IS DF.  However, the precise origin of this effect is 

currently unknown.  It is possible that the msurf differences derived from IS F as compared 
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Figure 3.  Area-normalized flux angular distributions of IS F, HF and DF flux from the liquid-vacuum 

interface of ~2 mg/mL [RuCl2(p-cymene)P(C8H17)3] in d11-[C2mim][Tf2N].  Each trace has been scaled 

so the Cartesian area between θf = 20° and θf = 80° (range shown in gray) has a value of 1. 
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to IS HF or DF are the result of differences in the nature of the liquid-vacuum interfacial 

sites that yield each product.  IS HF and DF must be produced from a C-H or C-D group 

that is accessible to an F-atom probe at the liquid-vacuum interface.  Thus, IS HF and DF 

must involve a collision with [C2mim]+ or the hydrocarbon components of the Ru complex 

at the liquid-vacuum interface.  Although the precise nature of the liquid-vacuum 

interfacial sites that yield IS F is unknown, it is reasonable to assume that this pathway 

would be more probable when an F-atom collides with a CF3 group from [Tf2N]–, as this 

ion cannot yield HF or DF.  The similarity between the best-fit soft-sphere parameters for 

IS F at θi = 60° (msurf = 38 amu, Eint = 0 kJ mol-1) and IS O(3P) from a fluorinated liquid 

with Ei = 504 kJ mol-1 (msurf = 34 amu and Eint = 5 kJ mol-1)36 may be indirect evidence 

supporting this assumption.  Note that msurf associated with IS from hydrocarbons is 

typically larger than msurf associated with IS from fluorocarbons because the total mass of 

atoms that are displaced during the gas-surface collision is larger for the hydrocarbon 

system.36  If F-atom collisions with [Tf2N]– have a small displaced mass relative to F-atom 

 
Figure 4. Average fraction of incident translational energy lost during IS from the gas-liquid interface of 

a ~2 mg/mL solution of [RuCl2(p-cymene)P(C8H17)3] in d11-[C2mim][Tf2N].  Soft-sphere fits are shown 

as solid lines and the associated fit parameters are shown in the same color alongside the fit. 
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collisions with d11-[C2mim]+ or the hydrocarbon components of the Ru complex, then IS F 

would be expected to have a smaller msurf relative to IS HF or DF. 

 

X-Ray Photoelectron Spectroscopy 

 

As expected from prior results reported in the literature,177 the pure ionic liquid 

[C2mim][Tf2N] and the mixture of ~2 mg/mL [RuCl2(p-cymene)P(C8H17)3] in d11-

[C2mim][Tf2N] are both stable under the ultrahigh vacuum conditions of the XPS 

instrument (base pressure < 10-8 torr).  All 9 elements expected in the ~2 mg/mL solution 

of [RuCl2(p-cymene)P(C8H17)3] in d11-[C2mim][Tf2N] are observed in the survey spectrum 

shown in Figure 5, demonstrating that there is no solute or contaminant film thicker than 

the XPS probe depth present at the liquid-vacuum interface of the ionic liquid mixture.  In 

addition, a small concentration of Si was observed (<1%), likely from the presence of a 

small polydimethylsiloxane (PDMS) contaminant.  Because the liquid sample is not 

 
Figure 5:  Survey X-ray photoelectron spectrum of a ~2 mg/mL solution of [RuCl2(p-cymene)P(C8H17)3] 

in d11-[C2mim][Tf2N]. 
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continually refreshed inside the XPS chamber and PDMS is highly surface active, this 

contaminant is probably undetectable in the liquid bulk.  The relative number density 

percentages of all elements detected are shown in Table 4.  The atomic sensitivity factors 

(ASF’s; also known as relative sensitivity factors or RSF’s) were obtained from a standard 

source239 and were not optimized for the specific instrument used or the specific samples 

studied in this experiment. 

 The Ru, Cl, and P atoms are unique to the catalyst and are not expected to be present 

in potential contaminants like PDMS.  The observation of photoelectron signal from these 

atoms is unambiguous evidence that the Ru atom, Cl ligand, and P(C8H17)3 ligand are 

present in the ~6 nm deep volume probed by the XPS instrument in a concentration that is 

much higher than expected from the bulk concentration of ~2 mg/mL [RuCl2(p-

cymene)P(C8H17)3] in d11-[C2mim][Tf2N].  Although the stoichiometry of the solid catalyst 

leads to the expectation that Ru:Cl:P should be 1:2:1, the associated XPS signals are in the 

proportion 1.0:1.1:0.89.  If the speciation of the complex is dominated by a single structure, 

we can draw two conclusions from the XPS data alone.  First, the complex is not completely 

Table 4:  Composition of the near-surface volume of ~2 mg/mL RuCl2(p-cymene)P(C8H17)3 in d11-

[C2mim][Tf2N] probed by XPS, as determined by the relative intensity of the indicated photoelectron 

peaks.  Note that the integrated and corrected areas are in arbitrary units. 

Atom Orbital Integrated Area Atomic Sensitivity 

Factor 

Corrected 

Area 

Percentage 

N 1s 3330 0.477 6980 8.30 

F 1s 12700 1.00 12700 15.1 

O 1s 7150 0.711 10100 11.9 

C 1s 13600 0.296 46000 54.7 

Cl 2p 616 0.770 799 0.950 

S 2p 3170 0.570 5570 6.62 

P 2p 263 0.412 638 0.758 

Si 2p 194 0.283 685 0.814 

Ru 3d 2630 3.70 713 0.847 
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intact, and the Ru atom must at least be ligated by the P(C8H17)3 ligand and one chloride 

ligand.  The 198.4 eV binding energy of the Cl 2p peak supports the conclusion that the 

chloride is bound to Ru because it is closer to the value observed in solid [(RuCl2(p-

cymene))2] (198.1 eV)242 and much larger than the value observed in [C2mim][Cl] (197.1 

eV).238  Although the solvation structure of Cl– in [C2mim][Tf2N] is expected to differ from 

the solvation structure of Cl– in [C2mim][Cl], much of the shift should be the result of short 

range interactions between the chloride anion and the cation of the ionic liquid solvent, 

which is identical in [C2mim][Cl] and [C2mim][Tf2N].  Second, the enrichment of the 

partly dissociated Ru complex must be much larger than any enrichment of the dissociated 

Cl– anion in the ~6 nm depth probed by the XPS measurement. 

The stoichiometry of [Tf2N]– suggests that the relative number densities of 

NAnion:S:O:CAnion:F should be 1:2:4:2:6.  However, the relative number density derived 

from the observed photoelectron peaks is 1.0:1.9:3.4:2.6:4.3.  Although these numbers are 

in rough agreement, significant deviations from stoichiometry are clearly observed for the 

~6 nm depth probed by the XPS measurement.  As mentioned above, the ASFs are taken 

from a standard source239 and are not specifically calibrated for the XPS data collected in 

this study.  Therefore, small ASF inaccuracies are expected to contribute to the observed 

discrepancies between anion stoichiometry and the relative number densities derived from 

XPS data.  With the exception of sulfur, the sign of the deviations from stoichiometry 

roughly correlate with the photoelectron kinetic energy.  Because higher kinetic energy 

photoelectrons can escape from deeper regions of the liquid,177 photoelectrons from atoms 

with significantly different binding energies reflect different thicknesses of the liquid-
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vacuum interface, resulting in discrepancies between anion stoichiometry and the relative 

number densities derived from XPS data.  In principle, one could test this effect by 

comparing the relative number densities derived from different photoelectron peaks (or set 

of peaks) that originate from the same atom.  Unfortunately, the set of AFSs used in this 

study only provide correction factors for the highest intensity photoelectron peaks of 

common elements.  Interestingly, the impact of this peak-dependent escape depth on the 

relative number densities derived from photoelectron peak intensity may be highly 

dependent on the number density distribution along macroscopic interfacial normal.  If an 

atom number density is relatively large at or near the maximum in the distribution of 

photoelectron escape depths, then variation in the depth may induce large deviations in the 

derived number density of this atom.  This situation is expected for the atoms in [Tf2N]– 

because the concentration of the solvent in the liquid bulk must be very large.  However, 

if an atom number density is at a maximum at the extreme liquid-vacuum interface and is 

relatively small at or near the maximum in the photoelectron escape depth distribution, 

then variation in the escape depth may have a small or negligible impact on the derived 

number density of this atom.  In particular, this situation may apply to the Ru complex 

solute if it is preferentially enriched at or near the extreme liquid-vacuum interface. 

XPS experiments that are not optimized to probe the extreme outermost regions of 

pure ionic liquid interfaces generally yield relative compositions that are consistent with 

the stoichiometry of the bulk liquid.177  In this case, the number densities of cations and 

anions are typically identical in the interfacial layer probed by the XPS experiment.  This 

observation highlights the importance of charge neutrality in dictating the average structure 
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of the liquid volume probed.  For pure [C2mim][Tf2N], two N 1s peaks are observed at 

402.1 eV and 399.5 eV (green curve in Figure 6)  The lower binding energy peak177 

corresponds to the nitrogen atom in [Tf2N]– and the higher binding energy peak177 is 

associated with the two nitrogen atoms in [C2mim]+.  However, the integrated intensity of 

the cation peak divided by the integrated intensity of the anion peak is ~1.94 because ~6% 

of the cation N 1s signal is lost to shake-up/shake-off phenomena.177, 238  As shown by the 

red curve in Figure 6, this ratio decreases to ~1.48 for the ~2 mg/mL solution of [RuCl2(p-

cymene)P(C8H17)3] in d11-[C2mim][Tf2N].  This decreased ratio is strong evidence that the 

number of d11-[C2mim]+ cations has decreased relative to the number of [Tf2N]– anions.  If 

we continue to assume that the d11-[C2mim]+ N 1s signal is 6% lower than expected, then 

the d11-[C2mim]+ to [Tf2N]– number density ratio in the mixture is 1.48/1.94 = 0.763.  Thus, 

 
Figure 6.  Relative intensities of the N 1s photoelectron peaks from [C2mim]+ (or d11-[C2mim]+) and 

[Tf2N]‒.  The spectrum from pure [C2mim][Tf2N] is shown in green.  The spectrum from a solution of ~2 

mg/mL [RuCl2(p-cymene)P(C8H17)3] in d11-[C2mim][Tf2N] is shown in red. 



200 

 

the cation percentage of the number density ratio (d11-[C2mim]+)/(d11-[C2mim]+ + [Tf2N]–

) is 43.3%.  Thus, there are ~6.7% more anions than cations in the volume probed by our 

XPS measurement. 

The relative number density of the Ru complex can be quantified with 

photoelectron signals from the Ru, P, and Cl atoms.  Depending on which atom is selected 

to quantify the complex, (Ru complex)/(Ru complex + d11-[C2mim]+ + [Tf2N]–) is ~11-

14%.  As inferred above from the proportions of Ru, Cl, and P in the XPS spectra, the  Ru 

complex apparently has only one Cl– ligand, giving the complex a charge of +1.  The +1 

charge is also supported by the observation that the number density of the [C2mim]+ + Ru 

complex is nearly equal to the number density of [Tf2N]–, which further suggests that 

charge neutrality is also an important factor governing liquid structure and speciation in 

the liquid volume probed by XPS.  Depending on the atom used to quantify the complex, 

the number density fraction ([C2mim]+ + Ru complex)/([Tf2N]–) is between 0.93 and 0.98.  

Again, we conclude that the Ru complex has a charge of +1 and that enrichment of this 

complex in the near the liquid-vacuum interface displaces an equal number of d11-

[C2mim]+ from this region and reduces the number density ratio of d11-[C2mim]+ to [Tf2N]– 

as detected by XPS.  This conclusion is consistent with the observed binding energy of the 

Ru 3d5/2 photoelectron peak at 281.64 eV, which is closer to the value observed for Ru(II) 

and Ru(III) compounds and farther from Ru0 (279.01 to 280.20 eV).243  Note that the Ru 

3d5/2 photoelectron peak is at 281.3 eV242 for [RuCl(p-cymene)((R)-BINAP)][Cl], 281.5 

eV242 for [(RuCl2(p-cymene))2], 281.2 eV244 for [RuCl2(p-cymene)PR3], and [RuCl(p-

cymene)(κ2-N-sulfonyl-1,2-ethylenediamine)] at 282.0 eV.245 
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Time-of-Flight Secondary Ion Mass Spectrometry 

 

TOF-SIMS spectra were collected from a solution of ~2 mg/mL [RuCl2(p-cymene) 

P(C8H17)3] in d11-[C2mim][Tf2N].  In both the positive- and negative-ion TOF-SIMS 

spectra, fragmentation patterns that are characteristic of the pervasive contaminant, 

polydimethylsiloxane (PDMS), were identified.  In the negative-ion spectrum, the peak 

with the highest m/z ratio was observed at m/z = 280 and clearly corresponds to the intact 

[Tf2N]– anion.  Other notable and easily identifiable peaks in the negative-ion spectrum are 

[CF3SO2]
– at m/z = 133 and [CF3SO2N]– at m/z = 147.  Peaks corresponding to 35Cl– and 

37Cl– were also observed in the TOF-SIMS negative-ion spectrum with peak intensity 

percentages of 77% and 23%, respectively.  Note that the relative intensities of these TOF-

SIMS peaks are in excellent agreement with the expected isotopic abundances of the 

chlorine atom (76% for 35Cl and 24% for 37Cl).  The TOF-SIMS positive-ion spectrum 

clearly shows a peak at the mass of the intact d11-[C2mim]+ ion at m/z = 122.  In Figure 7, 

three peaks in the positive-ion spectrum at m/z = ~460, ~603.5, and ~641.3 are shown.  All 

three peaks have a base width Δ(m/z) of ~10, which is in good agreement with the expected 

isotopic distribution of the Ru complex, where the isotopic distribution would be expected 

to be dominated by the isotopic distribution of the Ru atom itself (note that Ru has 7 stable 

isotopes at m/z = 96, 98, 99, 100, 101, 102, and 104).  The peak at m/z = ~641.3 is the peak 

with the highest m/z ratio observed in the positive-ion spectrum and clearly corresponds to 

the complex, [RuCl(p-cymene)P(C8H17)3]
+.  The peaks at m/z = ~460 and ~603.5 are 

probably smaller fragments of the Ru complex or larger clusters of the Ru complex and 

solvent.  In particular, the peak at m/z = ~603.5 is somewhat asymmetric and could 
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correspond to a Ru complex fragment with the chemical formula [Ru(p-

cymene)P(C8H17)3]
+, provided such a charge state is accessible.  For the d11-[C2mim]+ and 

[Tf2N]– ions, the TOF-SIMS signal is expected to be higher than the TOF-SIMS signal 

from uncharged surface molecules that require both ionization and sputtering.  Similarly, 

if the Ru complex is present as [RuCl(p-cymene)P(C8H17)3]
+ at the liquid-vacuum 

interface, the signal from this charged complex is also expected to be enhanced relative to 

the presence of any analogous neutral Ru complex which would require ionization and 

sputtering.  Because the [RuCl(p-cymene)P(C8H17)3]
+ peak is the largest peak in the TOF-

SIMS positive-ion spectrum, there is no evidence that an ionized or fragmented variant of 

a larger Ru complex, such as [(RuCl2(p-cymene))2], is formed.  However, as the scattered 

ion must be positively charged to permit observation in the positive-ion spectrum, we 

cannot be certain that the [RuCl(p-cymene)P(C8H17)3]
+ peak is not a fragmentation product 

of a larger complex.  There is no evidence of a Ru complex or Ru complex fragment that 

 
Figure 7:  Selected peaks from the positive ion TOF-SIMS spectrum of ~2 mg/mL [RuCl2(p-

cymene)P(C8H17)3] in d11-[C2mim][Tf2N]. The peak centered at m/z = 641.3 is the highest mass-to-charge 

peak observed in the positive ion TOF-SIMS spectrum. 
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exits the surface in a negatively charged state.  The three positive-ion peaks observed in 

Figure 7 are the only peaks that can be clearly assigned to the Ru complex in both the 

positive- and negative-ion TOF-SIMS spectra.  Also, the presence of only three well-

defined peaks that correspond to a Ru complex may suggest that speciation of the complex 

at the liquid-vacuum interface is fairly simple. 

 

Discussion 

 

 

Assuming that the speciation at or near the liquid-vacuum interface is simple, the 

Ru complex appears to have lost a Cl– ligand and is present in the form [RuCl(p-

cymene)P(C8H17)3]
+.  This conclusion is based on the combined observations of the XPS 

and TOF-SIMS data.  The TOF-SIMS positive-ion peak at m/z = ~641.3 likely corresponds 

to [RuCl(p-cymene)P(C8H17)3]
+, suggesting that the p-cymene ligand is still associated 

with the Ru atom at the liquid-vacuum interface.  The XPS data clearly show that the Ru, 

Cl, and P atoms from the catalyst are present in equal amounts and that the Ru and Cl 

binding energies are consistent with an Ru-Cl bond.  Loss of a Cl– ligand implies that the 

remaining complex has a charge of +1.  In this case, a TOF-SIMS peak at m/z = ~641.3 

could be produced by direct sputtering of the [RuCl(p-cymene)P(C8H17)3]
+ ion from the 

liquid-vacuum interface without any need for collision-induced ionization.  A Ru complex 

with a charge of +1 is also consistent with the observed changes in the relative intensities 

of the N 1s photoelectron peaks from d11-[C2mim]+ or [C2mim]+ and [Tf2N]–.  Specifically, 

the addition of [RuCl2(p-cymene)P(C8H17)3] to an isotopologue of [C2mim][Tf2N] results 

in a decrease in the number density of the isotopologue relative to [Tf2N]– in the interfacial 
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liquid volume probed by XPS.  The deficit of [C2mim]+ is roughly equal to the catalyst 

concentration, as determined by photoelectron peaks that are associated with elements that 

are unique to the Ru complex.  A similar enrichment/depletion effect has been observed 

previously in 50 mg/mL [Pt(NH3)4]Cl2 in 1-ethyl-3-methylimidazolium ethyl sulfate 

([C2mim][EtOSO3]), where the N 1s photoelectron peak from [Pt(NH3)4]
+ increased in 

intensity at the expense of the N 1s photoelectron peak from [C2mim]+ as the electron 

emission angle was increased from 0° to 70° with respect to interfacial normal.246 

While multimeric structures that are consistent with the XPS relative atom number 

densities are possible, the TOF-SIMS data provide no evidence for structures larger than 

[RuCl(p-cymene)P(C8H17)3]
+.  Note that the relative atomic number densities derived from 

XPS are only able to resolve the loss of the Cl– ligand because this ion is not simultaneously 

enriched at the liquid-vacuum interface.  This failure of the Cl– ion to compete with the 

[Tf2N]– anion at or near the liquid vacuum interface is expected, as large polarizable ions 

tend to be enriched at the liquid-vacuum interface at the expense of smaller non-polarizable 

ions.183 

RAS and TOF-SIMS data provide some preliminary information on the orientation 

of [RuCl(p-cymene)P(C8H17)3]
+ at the liquid-vacuum interface if the Ru complex 

orientation distribution is dominated by a single distinct but thermally-disordered structure.  

Note that the complex orientation can be investigated with explicit simulations of the Ru 

complex in [C2mim][Tf2N].  Purely quantum mechanical (QM) methods have the potential 

to provide the most physically accurate description of this condensed phase system but are 

currently too difficult to be practical for a large transition metal complex in a molecular 
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solvent.  Hybrid quantum-mechanics/molecular-mechanics (QM/MM) methods are more 

promising.  In situations where it is unnecessary to capture chemical or coordination events, 

it may be possible to use gas-phase QM calculations to guide the construction of a purely 

classical molecular mechanics (MM) model for the Ru complex that captures its behavior 

as a solute in [C2mim][Tf2N].  A preliminary study to select the most appropriate QM 

method for the description of mononuclear Ru-Cl-H-PR3 isomers has been recently 

published.247  It is straightforward to extend this study to [RuCl(p-cymene)P(C8H17)3]
+ and 

confirm that the conclusions drawn for the Ru-Cl-H-PR3 isomers still apply.  If so, a 

validated QM method can be used to run QM/MM simulations or derive the intra- and 

intermolecular potential functions necessary to construct an MM forcefield for the 

simulation of [RuCl(p-cymene)P(C8H17)3]
+ at the liquid-vacuum interface of 

[C2mim][Tf2N].   

The observation of IS HF is unambiguous evidence that C-H bonds are available at 

the continually-refreshed liquid-vacuum interface of a solution of ~2 mg/mL [RuCl2(p-

cymene)P(C8H17)3] in d11-[C2mim][Tf2N].  If these C-H bonds belong to the Ru complex, 

the [RuCl(p-cymene)P(C8H17)3]
+ is presumably oriented to expose the P(C8H17)3 ligand 

(and perhaps the p-cymene ligand) to the vacuum.  Although the dynamical RAS 

observables are complex, we can tentatively conclude that our observations are consistent 

with a Ru complex orientation that exposes the hydrocarbon ligands toward the vacuum by 

drawing parallels with other results in the literature.  Specific examples include a smaller 

IS/TD ratio for HF relative to DF (consistent with the scattering behavior DCl from a 

THABr-glycerol)108 and the smaller cos(θf) character from IS HF relative to IS DF 
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(consistent with the smaller cos(θf) character in the angular distribution of IS HF from the 

butyl group in [C4mim][Tf2N])225.  Also, an Ru complex orientation that directs the 

hydrocarbon ligands toward the vacuum is consistent with our inability to observe TOF 

signal that can be confidently assigned to reactively scattered FCl.  However, it is important 

to note that there is currently no evidence to support the assumption that F-atoms can form 

FCl by reacting with the Ru-Cl bond. 

Our data suggest that the Ru complex has a positive charge that is almost certainly 

localized at or near the metal center.  Thus, the Ru complex resembles a surfactant with a 

charged head group and a long hydrocarbon tail.  It is possible that the behavior of 

surfactants in ionic liquids could provide insight into the behavior of the Ru complex at the 

liquid-vacuum interface.  In a recent study combining RAS with MD simulations,199 it was 

found that [C12mim]+ was enriched at the liquid-vacuum interface of 

[C2mim](1-x)[C12mim]x[Tf2N] for a variety of mole fractions, x.  Visual inspection of 

snapshots of the simulated interface suggested that ions in pure [C2mim][Tf2N] that expose 

atoms to the vacuum tend to pack in a sheet with a disordered alternating charge pattern.  

Qualitatively, as the mole fraction of [C12mim]+ increases, [C2mim]+ ions are displaced 

from this sheet by the [C12mim]+ headgroup.  For these interfacially-active [C12mim]+ ions, 

there is a clear preference for the dodecyl chain to protrude toward the vacuum. All 

observables from the RAS, XPS, and TOF-SIMS measurements are consistent with this 

picture, so we tentatively suggest that the [RuCl(p-cymene)P(C8H17)3]
+ metal center 

displaces a [C2mim]+ in the outermost sheet of ions at the liquid-vacuum interface and there 

is a strong preference for the alkyl chains of the P(C8H17)3 ligand protrude into the vacuum. 
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Conclusion 

 

 

We have studied the liquid-vacuum  interface of an ~2 mg/mL solution of [RuCl2(p-

cymene)P(C8H17)3] in d11-[C2mim][Tf2N] by reactive-atom scattering, X-ray photoelectron 

spectroscopy, and time-of flight secondary ion mass spectrometry.  This transition metal 

complex is a novel variant of a popular hydrogenation pre-catalyst that was synthesized to 

encourage segregation of the complex to the extreme outer region of the liquid-vacuum 

interface.  All three vacuum surface science methods detect signatures of the atoms 

associated with the Ru complex at or near the liquid-vacuum interface in a concentration 

that is much larger than expected from pure stoichiometry.  We can confidently conclude 

that the complex at or near the liquid-vacuum interface dissociates into a Cl– ion and a 

[RuCl(p-cymene)P(C8H17)3]
+ ion.  The enrichment of the [RuCl(p-cymene)P(C8H17)3]

+ ion 

at or near the liquid-vacuum interface is much larger than the enrichment of the Cl– ion.  

By analogy with prior work on [C2mim](1-x)[C12mim]x[Tf2N], we tentatively conclude that 

our data are most consistent with a model where the charged metal center displaces a 

[C2mim]+ cation in the outermost sheet of [C2mim][Tf2N] and the hydrocarbon chains of 

the P(C8H17)3 ligand protrude into the vacuum.  These observations are an important 

prerequisite for future RAS experiments that will probe the catalytic activity of transition 

metal complexes supported at the ionic liquid-vacuum interface. 
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