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ABSTRACT

Experiments to characterize reactive and nonreactiveliqgad scattering
dynamics werearriedoutwith the use of arossed molecular beaapparatus configured
for beamsurface scattering. In each erpgent, theidentity of thegasand liquid was
strategically selected tevealfundamental insiglston the relationship between scattering
observableaindliquid-vacuum interfaial structure This work is crucially important for
theexperimentahdvancerant of liqud surfacescienceand haghe potential to impact our
understanding of the chemical role gasliquid interfaces in the environent. An
extensiveliterature review suggests that the inherent chemical specificity of reactive
scattering is a jpmising prdse of composition at the liguidacuum interface. We expand
on what has been demonstrated in the literature by exploraigrirscattering from the
liquid-vacuum interface of deuterium labeled variants of the common ionic ligoidyk
3-methylimidazolium  bis(trifluoromethylsulfonyl)imide ([Camim][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 [Csmim]™ conformatons at the liquidzacuum interfaceAlso, at a fixedncident angle,
the sitespecific IS flux angular distributions frop€smim]* were discovered to be related
by the addition or subtraction of a liskape proportional to eos(}) function To
investgate this phenomenom, separatestudy of noble gas sdtering from the liquie
vacuum interface of other low vapor pressure liquids was carried out. Our results support
thegenerality otherelative cosft) charactetrendand demonstrate théte relatve cosck)
character between totliix angular distrilotions fromsqualane and a perfluoropolyether
is independent of gas identity and incident angle suggesting that this metric is an intrinsic
property of the liquid pairThe existing evidemcsuggestthat the relative codi) character
between flux angular distributions a result of anglerandomization from multiple
collision scattering trajectories induced by atostale corrugation at the liguicacuum
interface. A study on the liquidzacuuminterface structure of a sation of [RuClx(p-
cymene)P(eH17)3] in perdeuterated -éthyl3-methylimidazolium
bis(trifluoromethylsulfonyl)imide  (ci-[Comim][Tf2N]) is also discussed  The
experimental data suggettat [RuCl(p-cymene)P(€H17)3]" is enriched atthe liquid
vacuum interfacetahe expense of d-[Comim]* and the hydrocarbon chains of tRe+
complexprotrude intahevacuum.
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REVIEW OFATOMIC AND MOLECULAR COLLISIONS AT LIQUID SURFACES

Abstract

The gadiquid interface remains one of the least explored, but nevertheless
practically imprtant, enironments in which molecular colimns take place. These
molecularlevel processes underlie many bulk phenomena of fundamental and applied
interest, spanning veporation, respiration, multiphase catalysis, and atmospheric
chemistry. We reviewhere the esearch that has, during the pastatle or so, been
unraveling the moleculdevel mechanisms of inelastic and reactive collisions at the gas
liquid interface. Armed with the fundamental understanding that such collisions with the
outer layer®f the inerfacial region can be unambiguopdistinguished, we show that the
scattering of gaphase projectiles is a promising new tool for the interrogation of liquid
surfaces with extreme surface sensitivigspecially for reactive scattering, thisethod
alo offers absolute chemical seledyfor the groups that react to produce a specific

observed product.

Introduction

Although the gagiquid interfacial region is ubiquitous in environmenfdf and
industrialt*® chemical systems, it isikta challenge to study this region with current
experimental and computational toolRelative to bulk liquid and bulk gas, far less is

known about the boundary betwettrem. The investigation of collisions of atns or
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molecules with liquid surfaces gurides unique insight into this important interface that
complements spectroscopic and electron or neutron scattering studies.

Gasliquid scattering dynamics are at theheof themicroscopic events that give rise
to solvation, phase transport, and hegeneous catalysisn Part I, we summarize general
and important dynamical features of diaglid scattering Because of the many parallels
between gasolid and gadiquid scatteng, much of the languagghat isused to describe
the dynamical featuresf gasliquid scattering habeen borrowed from the older and more
extensive literature on gawlid scattering”'° For exampe, both ga-liquid and gassolid
scattemng @n often be productively describedas a superposition of two limiting
distributions that correspond thermal (orstatistica) andimpulsive (ornonstatisticgl
scattering.However, liquid interfaces adisardered, apeodic, dynamic, and more prone
to thermalroughening ?° resulting in broad energy and angulatributions for gadiquid
scattering

The surface selectivity of gdisjuid collisions, which are restted to @ gated by the
outermost region ofhe surface, makes géquid scattering a potentially very powerful
analytical tool for the study of liquid surface structure and compositiarRPartll, we
highlight experiments that demonstrate this wtiliRelative to solids, the liquid interface
is less defined and more structurally compté% The existence of surfacpecific
chemical and physical phenoméhsauggests that the géiquid interface can function as
a reaction radium distinct from vacuum and bulk liquidAlthough there ismuchthat

remairs to be learned about the surfaces of pure liquids, many currehtjgasscattering
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studies are building on the groundworleafsting knowledgand targeting complex liquid
mixtureg+2°,

This review is timely bcause of the substantial advances that have been made in the
field of gasliquid interfaces in the past decade or 3tese interfaces have been studied
with a variety of mdtods, including sum frequency generationyay¥ photoelectron
spectroscopy, ang-ray, light, neutron, electron, and ion scatterimf¢pwever, wefocus
here on atomic and molecular collisions with liquid surfabesause these interactions
may provide a ew way in which to obtain complementary information on surface
composition and tsucture with a high degree of surface specificity and chemical
sdectivity. Dueto limitations of space, we restrict our review to the scattering of gaseous
atoms, moleculesand radicals from hydrocarbons, polymers, ionic liquids, and liquid
crystals. Experimental, theoretical, and computational results are intedieand
discussed throughouku et al?® have recently reviewed a largedy of work on scattering
dynamics from selhissembled monolaye(SAMSs). Here, we only include SAM studies
that are relevant to gdisjuid scattering dynamicslon-surfacescattering, predominantly
with much higheenergy projectiles, as reviewed byhdersson et &, is similarly

omitted.
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Methodologes

Experimental Approaches to
Studying Gad.iquid Collisions

Some features are common to all interfacial experiments ofiqyes collision
dynamics. The basic elementare a liquid surface, a means to generatepbhase
projectiles, and a method detect the scattered products.

To obtain detailed yhamical information, the nascent products that scatter from
the surface must be detected before they undergo any sec@mtaunters in the gas
phasein order to avoid the exchange of energy anddke of memory of the interfacial
interaction. This reed for a reasonably large mean free path implieghbatxperiments
must be performed in a vacuum and therefore, witBpecial measures, restricts the choice
of liquids to those with low vapor prasres. Liquids that meet this requirement include
glycerol, longchain  hydrocarbons such as squalan€2,6,10,15,19,23
hexamethyltetracosane) or sufficiently long linear alkame> ~20), polymers such as
PFPE (perfluoropolyether)ionic liquids, concenated 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 ligwdk high vapor pressuresThe
majority of work to date has involved levapor pressure liquids in static reservoirs or
liquid-coatal wheels in vacuum chambersThe use of a wetted whedFigure 1) is
probably the rast popular method for studies of gapiid interfacial dynamicen vacuo
In this approach, pioneered by LednovaridFem in 19778 a disk of a suitable material

is partially immersed in a bath containing the liquid of interéss.the wheel is retted
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through the luid, 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.

Scattered
Products

Scraper

Liquid

Liquid
Reservoir

Figure 1: Liquid reservoir with a rotating wheel to create a continually refreshed liquidcsufor
molecular bearsurface scattering experimts.

The msphase projectiles are introduced into the vacuum chamber in most
experiments as a molecular bearattls drected toward the surfacelhis technique has
the advantage of givingaefined speed and angle of incidence to the projediie. beam
can be pulsed or chopped for temporal resolut®isupersonic expansion may be used to
cool the incident iternatstate distribution (often effectively into a single quantum state),

providing well-defined initial conditions for higiesolution experiments and direct
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comparison with theoryRadical species can be generated by laser photolysis or detonation
or by electic discharge of a suitable precursor in the source region of the naibeam.

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 whieislpresare mus be
low enough to ensure singt®llision conditions. This approach gemally produces
radicals without a weltlefined initial velocity and with a broad distribution of speeds and
internal states.This range of initial states may laelvantageoudjowever, as it allows
investigation of scattering from highenergy initial sates, although the dynamical
information will be convoluted over the initial distributions.

The methods of detection of the scattered products can be broadlin&plitvo
cakegories: mass spectrometry and laser spectroschass spectrometryMS) yields
well-resolved information on the translational energy of the productts. often paired
with an incident molecular beam in a configuration where the anglésciolence, g
(conventionally defined relative to the surface normal), and dete@tioare controlled
and the velocity distributions of scattered products are obtained by theoftittight
method Figure 2). Detection by lagr spectroscopy, by contrast, provides product
internalstate distributions and, in some cases, translational energy information, although
usually with more limited resolution.Spectroscopic techniques include laseluced
fluorescence (LIFjo detect 42°, OH®°, and NG?; infrared (IR) absorption to detect EfF

and CQ’; and resonaneenhanced multiphoton ionization (REMPI) to detecttRIO



Chopper Wheel
— ; s PP
Liquid Reservoir
Skimmer
Quadrupole §

Collimating
Aperture

Counting lonizer
System

e and Nozzle

Figure 2: Schematic diagram of a hyperthermal molecular beam experiment with mass spectrc
detectiod. Shown are the laser detonation source of figlocity (hypethermal) #gomic oxygen,
synchronized chopper wheel for velocity selection of the beam pulse, cdigtiefreshed liquid surface,
and rotatable massegtrometer detector.

Simple Models and Theoretical Approaches

Experiments are unable to resolve the individat@mic interactions that sum to
produce a gabquid scattering event. Thus, ghguid scattering experiments benefit
greatly from efforts to understand and model thesa@tmenawith simulations. Although
most applicable to ggshase scattering, therdesphere binargollision model Equation
1) is often invoked to rationalize qualitative trends that are commonly observed-in gas
liquid scattering experiment$ The loss of kinetic energfE = E; - E, is a singlevalued
function of the deflection angle,= 180°- (¢ + g), and is parametrically dependent on
the ratio,/ of the mass of the projectile to the effective mass of the surface, as well as the
gassurface interaction potential, and the liquid surface temperatufg,. For example,
the hardsphere mod predicts efficient energy transfer for heavy atoms ofecules that
are incident on lowdensity liquids, especially for lownpact parameter (heamh)

collisions between the projectile and a collection of atoms in the epedum interfacial
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region®® In many cases, a se$phere variant of the hasphere modelEquation 2),
which accounts for the flow of translational energy into internal modes of the scattered
species and the localizeglion of the surface whethe collision occurs, provides a better
description of average fractional energy transfer #afBhis softsphere model has been
used for higkenergy projectiles, where the gawface interaction potential and thermal
motion d the surface may be negted. In particular, the sofsphere model gave improved
agreement with experimental energy transfer for hypertherni®)@td Ar scattering on
squalane, PFPE, alkylthiol SAMs {6lAMs), and fully fluorinated alkylthiol SAMs ¢F
SAMs)3  Equations 1 and 2 represent the harsphere and sofphere models,

respectively:
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The washboard with moment of inertia (WBMI) model represents surface
corrugation as a ondimensional sinusoidal function and canilgalse made to account
for multiple collisions in the interfacial regionAlthough WBMI calculations are not
intended forquantitative comparison with experimental data, they do reproduce the
bimodal scattering distributions that are often observed insgdace scattering

experiments! 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 sgfhere modet®

Both unitedatom and aHatom classial molecular dynamics (MD) simulations can
be used to compute the structure and dynamics of liquid surfaces by equilibratingvacuum
liquid-vacuum slab structures under periodic boundary conditieigsire 3). The MD
equilibrated vacuunliquid interface can then be used to estimate which atoms are
geometrically accessible to a gaisase projectile by applying accessible surface area or
line of sight calculation$.* Classical MD can also be used to directly simulate
nonreactive gatiquid scattering trajectorié$*? with an accuracy that can be improved by
fitting force field parameters to higkvel quantum daulations*>4¢

The realistic simulation afasliquid scattering trajectories that allow for reactive
events (bond forming, bond breaking, electron transfer, etc.) is much more challenging.
Such simulationrequie s t he appl i cati on of-thgfulayndt udm rmeecc
dynamics methodsyhere successive electronic structure calculations of the energies and
forces steer the gdisjuid motion?” Computational limitations associated with these
guantum BorrOppenheimer direct dynamics calcubais often motivate decisions to
approximate the liquid as a molecular cluéter to adopt hybridQM/MM (quantum
mechanics/molecular mechanisghemes, where the ghquid system is partitioned into

regions treated classically or with QWR®



12

Figure 3: The vacuuriquid interface of squalane as predicted by classicaiauiar dynamicsimulations. The
image renders the unit cell of a vacdiguid-vacuum structure eiljbrated for 4 ns at 323 K under periodic bound:
conditions.Blue lines trace the 1(309.33 18.3nm unit cell boundary containing 640 moleculesiobtane (58,880
atams). Parameters from the-altom variant of theptimized potentials for liquidimulationdOPLSAA) force field
were used to dedee all bonded and nonbonded interactions in the liquid. All other atoms in the liquid slab aed
as gray poirst
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Fundamental Dynamics of Interfacial Collisions

NonreactiveGasSurface Interactions

Nonreactive systems have revealed a great deal about the fundamental scattering
dynamics of gadiquid interfacial collisions.In fact, early work using molecular beams of
inert gases provided the basic foundationthe development of the figic: 29 39 589,
These early studies have been previously reviélved we summarize here only the key
results that are relevant to all interfacial meses. The velocity distributions of the
scattered products are found be well described empirically as the sum of two
componentsOne component corresponds to festoiling products that scatter in a narrow
angular distribution at neapecular ange with final translational energies that are
superthermal and that demkan the incident energylhe other component is distributed
in a cosine distribution around the surface normal and possesses much lower translational
energies, resembling a Maxw@bltzmann(MB) distribution with a temperature close to
that of the liqudl surface.Figure 4 shows a typical timef-flight distribution illustrating
this bimodal behavior.This behavior haveen explaineds the reglt of two distinct
projectilesurface interactions: impulsive scatterifi@) and thermal desorption (TD).
These concepts have beaorrowedfrom studies on gasolid dynamic$® According to
this distinction, atoms or molecules theaer with IS trajectories collide with the surface
once (or a few timeat most) and scatter with relatively high, unaccommodated speeds.
There is generally little additional energy transfer to the surface beyond that resulting from
a gas phaskke indastic collision with a localized region of the surfade.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 prodlieésIS and TD
labds have been successfully applied to categorize the bimodal behaviostojasliquid
systems, including reactive scattering (of which an early example is shdviguire 4),
so they have become part of the commoopabwlary of the field. Although the I1S/TD
dichotomy is undoubtedly a weruseful phenomenological tool for characterizing
experimental observations, care should be exercised not to overinterpret this simple picture

of two limiting cases, as we discussthar below.
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Figure 4: A representative timef-flight distribution (also known as a TOFstlibution, number density
distribution, orN(t)) for reactively scattered HCI produced by directing a beam of Cl atoms wit
average incident energy 80O 118 kJmol at the liquidvacuum interface of squalan&he incident
and final angles, ith respect to the surface normal, wdre 60° aml di = 45°, respectivelyExperimental

data is shown as yellow circles. The slow peak in the expet@iEOF distributio is associated i a

LangmuirHinshelwood (LH) scattering mechanism and is fittva TOF distribution that is consister
with a Maxwell-Boltzmann velocity distribution at the temperature of the liquid surface (solid red |
Trappng desorption (TD)s the nonreactivequivalent of LH scattering although it is common to t
TD for both reactive and nonreactive scattering. Thegaak in the experimental TOF distribution
associated with an Eleigideal (ER) scattering mechanisamd is isolated bysubtracting the LH
component from the total experimental TOF distribution. Inipelscattering (IS) is the nonreactiv
equivalent 6 ER scattering although it is common to use IS for both reactive and nonreactive scai
The datan this figures wa®riginally published by Garton et &l.
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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 thgasphase projectile and the localized region of thyaitl surface that
participates in the collision.lt is generally largest for heawh collisions that lead to
backwardscattered products and least for grazing collisiont§inematic models of
scattering Equations 1and2) 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 a®FPE with its heavy Ck groups and dense
structure, absorbs less energgprihdoes a hydrocarbon such as squal&h&, whose
aliphatic chains form a soft surf@éethat promotes a large transfef momentum.
However, recent experiments and simulations using thespbfire modelHquation 2) of
scattering of oxygen and argon atoms from liquid §Ad/ surfaces have found that the
effective surface mass is greatfor softer hydrocarbon surfac®s This apparently
counterintuitive result isexplained by the fact that more atoms in the hydrocarbon
participate in the interaction, so the pro
surface. In general, thse collisions should be viewed not as local encounters with single
CHy or CFK 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® 8 The shortest wavelength mattis, which are most relevant to the scattering
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of molecular projectiles, are rajty damped by viscosity and can be considered as
transitory distortions of the local molecular arrangemeAt.rough surface promotes
multiple-bounce collisions, facilitatingnergy transfer and resulting in a larger TD fraction
and more oubf-plane scatdiring events. Thermal roughening of PFPE surfaces was
demonstrated by scattering different projectiles at multiple temperatiffesAs the
temperature increases, thermal motion generates a less densely packed surface that is
microscopically rougher, as later MD simulations have shSwn.

A complete picture of the scattering dynamics reguireowledge of the distributions
of both the internal energy atige velocity of the scattered produci®hus, spectroscopic
detection methods complement thokflight methods. Early studies of NO scattering
from SAMs using REMPI detection found signdint translationalo-rotational energy
transfer for IS collisios3® % The first experiments with spectroscopic detection that
involved a true liquid surface used LIF to investigate the scatteringfiafnh polymers
(PFPE and polydimethylsiloxane) and from squafiré: ¢ In all cases, the TD fraction
was rotationally and vibrationally warmer than the incidenamd there was evidence for
weak translationalo-rotational energy transfer in the IS channeMore recently, IR
spectroscopy was employed to study the inelastic scattering of a rotationally cold beam of
CO; from liquid surfaces in an extensive series of papers by Nesbitt and cowofkéfs.
® The trends in energy transfeith different liquid surfacédand with different anglé§
collision energies and liquid temperaturéswere in qualitative agreement with other
inelastic scattering experimentd?olarizatioamodulated IR spectroscopy was used to

investigate orientation and alignment effects on the colli$tofis indicating a strong
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tendency for forward endverend tumbling of thecattered C@molecules as a result of
the corrugated structure of the surface, which promotes impulsive torques.
The CQ rotational distributions we strongly bimodalKigure 5) and were described

by thetwo-temperature Boltzmann model in the following equation:
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In this model, the cold temperatureis assigned to the TD component and, in the work of
Nesbitt and coworkers, constrained300K, whereas the hot temperaturgis assigned

to the IS component. The TD fractibihas been interpreted by Nesbitt and coworkers as
the fraction of incident molecules that become thermalized with the sutiaeeldition,

the Doppleiresolved aborptian profiles in the direction perpendicular to the surface
normal for each rotational state were fitted to a sum of IS and TD contribuMtheugh

this approach lacks the high translational resolution of a-of¥ilight experiment, it
indicates aorreltion between the component of translational energy parallel to the surface
and the rotational energy in the scattered.Cibe values of the translational and rotational
temperatures for the IS channel were similar, supporting the IS/TD maldtbbughthere

was clear accommodation of translational and rotational energy on the surface, vibrational
energy transfer was not so efficiert.was suggested that the timescale of the interaction
is too short to allow for efficient vibrational accommadat Consistent with these
observations, simulations of G8cattering from perfluorinated SAMs found no significant

vibrational excitation of C&® "*and inefficient relaxation of its excited bending métle.
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Figure 5: Standard Boltzmann analysis ofetll state populations of GOmolecules that scatte
inelastically from PFPE at normal incidence withO' 10.6 kcalmol™. Abbreviations: T, rotational
temperature; 1S, impulsive scattering; PEPErfluoropolyether; TD, thermal desorption; A: integrat
absorbance over a given spectral peakHBnlLondon factor. Figure adapted from Perkinsadt’

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 collisiorieoretical studies of C@dlisions with
F-SAMs classified direct trajectories as those that included both single and multiple
collisions, and the TD fractiod obtained from twaemperature rotational fittings did not
match the fraction of physisorption trajectoriésRelated studies of inert gases colliding
with H-SAMs*® 7678 and squalarféfurther confounded the distinction between IS and TD,
as they showed that singtellision 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 simplehannel IS/TD modellnelastic
scattering of OH radi¢a from hydrocarbon and polymer surfaces strengthened this

argumerft> 7%, The translationally hot but rotationally neiermal OH produced by
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HONO photolysis scattered with at least partial IS characteristti®duct rotational
distributions could be fitted ta single rotational temperature that was higher than the
incident value, suggesting translatiotarotational energy conversion in impulsive
collisions at the surfaceThis result was supported byrailations of scattering from-F
SAMs8! Rotational temperatures and the component of translationally slower products
that could be associated with a TD fractiosrgiconsistent with trends in surface stiffness.
Further experiments were performed by changing the OH precursor to allyl alddt®l.
generates OH radicals with much higher rotational energy, so the distinction between IS
and TD channels should be dlea Although the twetemperature modeEQuation 3)
could be fitted to the product rotatiorgibtributions, it yielded values & that were in
strong disagreement with the TD fractions inferred from translatiorabg distributions.
These results cast doubt on the interpretatidiiasf a simple and direct measure of the TD

fraction.

Reactie Scattering Systems

Interfacial gadiquid reactions present added complexity relative to theirpiase
counterparts bmuse the nascent products can accommodate their energy (either partially
or totally) at the surfaceThe basic IS/TD characterissiof interfacial scattering are still
present” 8283 put in addition, the retion dynamics generally affect tlemergies of the
products. Many of the experimental studies to date have focused on hydrogen abstraction
reactions from liquid hydrocarbons, of which the interfaciaRp¢ squalane reaction is
perhaps the most extendiyeharacterized exampleMolecula beam experiments with

MS detection by Minton and cowork&Fs8? 8%demonstrated that the major product is OH,
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analogous to gaghase reactions with small hydrocarb&hsOH scatters in two distinct
velocity distributions, consistent with the IS/TD model for inelastictsgag systems.
Borrowing terminology from conventional surface science, the direesgdace reaction
(IS) may be referred to as an ElRideal (ER) reaction, whereas the indirect reaction that
leads to thermally desorbed OH would be referred to aangnuir-Hinshelwood (LH)
reaction’* TD (or LH) OH products might, in principle, arise from the reaction of
thermally accommodated O Wita C-H moiety on the surface or through the thermal
accommodation of a nascent OH after it has been formed in an ER reattienOH
product, whether produced via an ER or an LH reaction, may abstract a second H atom to
form H>O. Depending on the sequaof collisions, the HO 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 t®Hit is rot surprising
that the HO products scatter with a substantially larger contribution from TD scattering
than do the OH productsThe observation of a significant yield of nonthermalOH
production is a rare example of a tstep ER reaction A kinematic anbysis of thelS
component of OH using the sefphere model (see Section 2.2) yielded an effective surface
mass of approximately 76 amu for squalane when the incidenoi® energy was 47 kJ
mol! and approximately 43 amu when it was 504rkal*.8° In a similar stdy, interfacial
H abstraction by Cl to form HCI was found to exhibit very similar reaction dynatmics.
Backward and sideways scattering in the ceatanas (c.m.) frame was favored for both
H abstraction redions, in contrast with the analogous gdmase reactions.This was

explained as an unavoidable consequence of the geometrical constraint imposed by the



21
surface. At high c.m. collision energies (45472 kJmol™), additional reaction channels
are open, ad the GC bond breakage product, &} is observed to scatter from the
surfacé* through ER and@’D mechanismsRelated theoretical studies, which corroborate
the experimental observations acohclusiong®®!, suggest that an-Htom elimination
reaction should also be significant, but the experiments were not sensitive enough to detect

the predicted Hatom products.

Figure 6: Plot of the distribution of scattered® flux as a function of final energy and angle followir
the reaction of GP) with a squalane surface w0 504 kJmol*. The incident angle waf = 60°,
and the poducts were detected over a range of final andleBom 0° to 80°. All angles aiia the same
plane and are defined with respect to the surface normal, with the incident and filesl lagiglg on
opposite sides of the surface normbth thermal andionthermal distributions are evidefithe thermal
distribution has a high intensityer a narrow range of low final energies, and it has been crofjesl.
figure was originally publisbd by Zhang et &l.

The information derived from theatecular beam experiments was complemented
by LIF detection of OH. The bulhotolytic method used to generaté®)(produces lower
(but still superthermal) collision energies® > 887 The trarslational eergy 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 compon&niThe presence of both IS and TD components
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was confirmed more incisively by the rotational distributiohke overall distribution was
described by a single Boltzmann temperature that was above the liquid temperature but
lower than thafrom the analogous direct gabase processé%.This suggests that not all
products are IS and that there was a significant TD contribution, although the IS and TD
temperature values were toordar to yidd a clear twetemperature fit. More refined
measurements showed a clear correlation between translational and rotational energy of
the products, with different values of rotational temperaliieat different points of the
appearance proél (Figure 7). Tt is superthermal and ke in the rising edge of the

profiles, becoming close to the surface temperature at later delslgseover, the fact
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Figure 7: Appearance profile of OHv(= 0) from the OFP) + squalane reaction, measured on th@)Q
transition of theA--X (1,0) band.Values of OH rotational temperatufg: are shown for the risg edge
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that the liquid temperature affeclis: only at later delays is additional stigpevidence for
a TD component contributing increasingly in thié ¢édthe profile.

The LIF experiments found a significant fraction of OH in its first vibrationally
excited level ¢ = 1) that, by analogy with ggshase reactiofi$ must result from reaction
at secondaryrad tertiary hydrocarbon sites on the surfab&D simulations showed that
such sites are accessible, despite the slight preference for methyl groups to protaode tow
the vacuunt® °! The OH vibrational branchinratio was lower than had been observed in
gasphase experients with smaller hydrocarbdtisalthough reproducibility of absolute
vibrational branching ratios in independent experiments is notoriously difficultievea
gas phas& Another observatiorigss dependent on external comparisovess thatthe
yield of OH (v = 1) was strongly sensitive to surface temperatasegpposed to OH/ E
0), which was essentially independ&ntt was argued that vibrationally excited OH has a
liquid temperaturalependent survival (rather than production) probability, and that the
loss mechanis is collisional relaxation rather than vibrationally enhahsecondary
reaction. The increase in temperature causes the surface of squalane to be more open, as
demonstrated in MD simulations, potentially enhancingftihetion of unreactive surface
encainters(survival probability ord) of OH (v = 1)5° Importantly, thelack of liquid
temperature dependence in the yield of the majority @K Q) 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 fromeheier moleculabeam scattering

experiments.
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Inelastic scattering of OH from different liquids offered further insights into its loss
mechanisms at the surfate’®8 Thefraction of surface encousns thatead to reaction
(reactive uptake coefficiemtr o = 0) is largerfor OH scattering fronthe unsaturated
liquid squalene compared to the fully saturated squalaBeperiments with HONO
photolysig® found o(squalang= 0.30 + 0.08 ad o(squalene¥ 0.39 + 0.07, in agreement
with independent studies of uptake on squalane drépatd other related measurements
for thermal OH on hydrocarbon surfacé&®® Moreover, the fraction of scattered OH
missing from squalene was the sloweoving component>®® OH that thermalizes at the
surface of squalane is at least partially inhibited from abstracting a second hydrogen, owing
to the 310 kJ mol! reaction barrie®$, and therefore has a reasonable probability of
surviving and scattering with TD characteristi@n the squalene surface, in contrast, there
is an additional mechanism for loss of thermalized I®@Hadditon to unsaturated sites,
which is a barrierless reactiéh.

In O/OH + saturated hydrocarbon systems, the chemical energy reletséuki
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 reaction®watcollision energies. F +
squalane, GD) + squalane, and €K) + squalene are examples of such reactitmshe
gas phase, F + hydrocarbon reactions give rise to HF products with high translational and
internal energiesln the F + squalane reactidmth ex@riments and related simulatidhs
52,9697 have found a fraction of hot products, in agrent with the gaphase results, but

also a component of rotationally and translationally cold products, imdicat
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accommodation at the surfackelowever, the vibrational energy of the nascent HF is not
accommodated efficientlyThe situation is similafor the O{D) + squalan® and O¢P) +
squalen® readions studied by McKendrick and coworkers: Rotationally hot OH is
produced in analogous gpbase reactions, owing to reaction by an insenm@chanism
[in the OfD) + squalane reaction] or to higher available energy on breaking allic C
bonds [n the OCP) +squalengeaction]. In both cases, LIF experiments found bimodal
rotational distributions with a cold component resulting from séagnencounters with
the surface.In addition, the Of) + squalene reaction produces a lower yield of OH than
theOCP) + squal ane reaction, d e s @histisefurtheh e f or
evidence of the presence of unsaturated groupseatutface of squalene, as discussed
above. Addition to double bonds competes effectively with the direct abstraciaction
by diminishing the observable yield of the @irbducing channel, a process consistent
with related observations in reactions wisphase alkene¥:103

Scattering dynamicbave also been used to study proton exchange and solvation
when reactive atoms and moldes impinge on polar and nonpolar liquids and solutions.
In these studies, hydgen/deuterium isotopic labeling is useful in resolving elementary
acidbase events between the projectile and the liquitydrogen halides can scatter
impulsively or underg trapping at a liquid surfacelrapped HX or DX can desorb from
the liquid inteface without proton exchange, undergo rapid interfacial proton exchange
followed by desorption, or succumb to solvation as dissociated ions in the Guik.
glycerol, the mayrity of incident HBr and HCI molecules, with incident energies of up to

100 kJmol?, are trapped (at least momentarily) at the liqeaduum interfacé®+%
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However, whereas allapped DBr is observed to undergo bulk solvation, trapped DCI may
desorb without exchange, desorb with exchaogelissolve into the bul®+1% Relative
to pure glycerol, solutions containing Nal and &ightly increase the peak translational
energy 6 IS, inhibit DCI trapping at high collision energies, and promispping
desorption and trappirgxchangedesorption at the expense of trappsajvation. These
observations suggest that Nal, £and NaBr make the glycerol surface mechanically
stiffer and smoother, and it is hypothesized that these salts modwapostirapping
pathways of DCI by decreasing the availability of the glycerol hydroxyl groups that
promote DCI dissociation and'HD* transport® %6107 | jke Nal, Cab, and NaBr, glycerol
solutions of the iomi surfactant tetrahexylammonium bromide (THABT) also promote DCI
trappingdesorption and trappirgxchangedesorption at the expense of trapping
solvation. Glycerol solutions of THABr influence the pesapping pathways of DCl in a
manner similar to NaBbut at much lower concentrationshis suggests that the catien
liquid interaction is not essential in enhancing trapjegorption and trappirgxchange
desorption at the expense of trappsalvationdesorption. However, a reduction of IS
suggestshat glycerol solutions of THABr make the vacwliquid interface mechanically
softer and roughéf®1% In contrast to the above salts, KF solutions in glycerol are
observed to inhibit psttrapping desorption ral exchangelesorption by scavenging
interfacial DCI to produce HF and B Comparing cold LiB/D2O solutions with NaBr
glycerol solutions, LiB1D>O reduces DCI trappindesorption, blocks trappirgxchange

desorption, and prmotes trappingolvation. 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 setf&c

In an innovative application of atomiieamliquid scatteringthe ionization of Na
atoms on the protic liquid, glycerol, was used to form solvated electrons near the liquid
vacuum interfacé.*® The solvated electrons induced a number of reactions that were
identified throgh the use of selewg deuteration of glyceroF(gure 8). Scattered Na
atoms were observed in addition to desorbed reaction products. Thefiihggt
distributions of Na atoms showed only an IS component, indgdhat all trappedNa
atoms failed to desorb from the liqdidSupporting ab initio MD simulatioA$suggested
that this irreversible trapping is because of Na ionization, whicHhdMo& expected to
produce solvated electrons near the vacliqmid interface. These simulations also
identify glycerol hydroxyl group reorientation toward the Na atom as being important in
promoting Na ionizatioA® The volatile reactive products observed in the experiment
(Figure 8) exited the glgerol surface with a MaxweBoltzmann velocity distribution
characterizé by the surface temperaturé. particularly surprising result from this study
was the observation of H atoms, which demonstrated that elénttoced dissociation of
O-H bonds prodced H atomsDesorption of these H atoms competes with their reaction
in the bulk because they are formed very close to the fgpedum interfaceln contrast
to methods that generate solvated electrons with-éngngy radiation or electrons, the
gertle molecular beam deposition of Na atoms prevents the creation cfereghy
excitations, allowing the study of a wide range of chemical events that are induced by

solvated electrons formed with thermal energies at the hgaodium interface.
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Figure 8: Schematic diagim of reactive pathways that occur following the effusive molecular b
deposition of sodium atoms at the vaculigid interface of glycerol. These pthways where
determined by the mass spectrometric detection of reaction prodsiots three isotopoljues of
glycerol. Although two pathways are believed to contribute to the formation and desorption of
only the pathway involving ODis shown. Figure adapted fromlexander el af.

Collisions as ar\nalytical Probe ofSurfaces

It is undeniable that the fielaf interfacial collision dynamics has advanced greatly
in the past two decades, but its potential goes beyond the puedlganistic studies
discussed above. Now that the fundamental dynamics of a significant range-lodgéds
processes are well knowndacharacterized, this knowledge can be used to interrogate the
surfaces of liquids. Of particular interest are typicdigterogeneous surfaces where
surface composition and structure might bear onweald applications yet might not be
easily probed bynore conventional methods. Scattering of-ghase species can yield
information on the preferential orientation of nmlées at the surface and, in the more
complex case of mixtures and solutions, can reveal and potentially quantify which

components arexposed at the surface.
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Studies of Surface Structure of Pure Molecular Liquids

The first observations of surface stuwretl effects on scattering dynamics were made
by Donaldson and coworkét$on the inelastic scattering offtom the surfaeof 4-cyane
4 -gentylbiphenyl(5CB), a thermotropic liquid crystal. LIF detection showed substantial
internal excitationin the TD fraction as a result of multiple encounters with the surface.
Interestingly, there were important dynamical differences betwhenisotropic and
nematic phases of 5CBIn the isotropic phase, the molecules are disordered and the
internal enagy distribution of the scatteregiesembled that from other organic liqufds.
61,67 The nemdic liquid, in contrast, induced a higher degree of accommodation that
depended on the direction of incidence with respect to the alignment direstmlecules
approaching perpendicular to the director became more internally excited as a coresequenc
of the surface being rougher at the microscopic level.

Another early example can be found in the study of the reactions betw#na@d
liquid linear alkanes carried out by McKendrick and cowork&sThe barriers for
abstraction of primat secondary, and tertiary H atoms differ considerdBlyAt the
collision energies employed, this gives rise to different reaction probabilities for each C
H bond type, with the yield of OH increasing hetader 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 thespetive melting points. This surface freezing effect,
known from earlier independent studi€s 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 ze®ywas enhanced for shortehain 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 realizede®h
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 lonic Liquids

Atom- or moleculesurface scatteringpathways at thdiquid-vacuum interface
typically involve only the atoms in the first few atomic layers of the interfa&is
particularly surface specificHigh translational energies, specular angular distributions,
and reductions in energy transfeith increasingncident angle imply that IS projectiles
undergo one or few collisions with the outermost atoms of the interfleoe example,
hyperthermal Ar scattering experiments on glycerol solutions of 2.6 M Nal, 2.6 M Kl, 2.5
M Lil, 2.7 M NaBr, andl.3 M Ca} all show an increase in the flux and average energy of
IS Ar leaving the liquid surface relative to pure glycefot®®” This increased flux is
consistent with the formation of a smoother, stiffer interface, Wikeing to OH
interactions with ions in the interfacial regiofhe increased average energy of IS Ar is
consistent with an increase in the effective surface rpesduced by the presence of
relatively massive ions in the interface lay@aken togetheir 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 informationon the surface composition of glycerol salt solutions can be
provided by hyperthermal GQcdtering experimentsThese studies show that the high
energy component of the scattered>C@ational distribution is enhanced for 2.5 M Nal
in glycerol relativeo pure glycerol.Furthermore, these higgnergy rotational states were
observed to be seitige to anion identity (Clversus 1) but not cation identity (Kversus
Na").1*® If it is assumed that cations and anions influence the structure of the interface
equally and that the observed ratatl distributions are equally sensitive to surface
accessible cations and anions, theseli®suggest that the anions dominate the outermost
region of the liquid surface.

In many cases, pestapping pathways that do not involve solvation into the halke
a very small penetration depth and are highly surface specific. By measuring thecesside
times of products exiting the liquid surface and taking into account diffusion into and out
of the liquid, Nathanson and cowork&rsestimated the maximum depth that products
could have penetrated befomattering through trappindesorption or trappingxchange
desorption pathways. For example, HCI that scatters through a trapmhgnge
desorption pathway (releasing DCI) from thaface of 0.5 M KF in glycerol diffuse on
average 10 A or less from itsapping site before exiting the liquidihe detection of DF
produced by the reaction of Kith nearinterfacial DCI provides evidence that €an
access this region of the interégé®

Although trappingsolvatiordesorption pgoways are associated with long residence
times in the liquid bulk, they may be gated by events at the vatiquid interface that

are directly related to surface compositioRor example, butanol packs loosely on the
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surface of 60, 64, and 68 wt%®O; at bulk concentrations below 0.18 M and promotes
HCI to DCI exchange via trappirgplvationdesorption pathways® In 60 wt% DSQu,
HCI to DCI exchange is obsved to increase with butanol concentration in a manner that
correlateswith surface tension measurements of interfacial butanol concentration. This
HCI to DCI exchange enhancement is too large to originate from bulk dilution and was not
observed for twalifferent concentrations of sodiurabitanesulfonate (SBS) on 60 wt%
D>SQu. Assuming that the surface structure and compositions are simil@B®D,SO:
and butaneD>SQs solutions, these observations suggest that trapgmhgtion
desorption dynamicare sensitive to the concentration of alcohol hydroxyl groups at the
liquid--vacuum interfacé!® Interestingly, similar studies on hexahidland 2ethyk
butanot!® show a transition from enhancement of HCI to DCI exchangguppression
with increasing alcohol concentration, as alkyl grougkpay more effectively blocks HCI
from reaching the acid surfa&¥.

Recently, both inelastic and reactive scattering have been employed to characterize
the surfaces of ionic liquid$L(s). These are lowemperature moltesalts containing large
organic cations and, usually, inorganic aniddscause of the growing interest in their
industrial application'€® and thepotential to finetune their surface composition, a great
deal of expermental effort has been directed at understanding the principles that govern IL
surfaces?¥'22  The atomic and molecular scattering experiments reviewed below
constitute only onef the multiple surface analysisdhniques 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, usuallydhyanging the proportion of nongolgroups with
respect to the polar parts of the ion pak.great deal of experimental effort has been
directed toward characterizing the relationship between surface and bulk compositions, and
each experimental techniguhas its own strengths and disantages. Nonlinear
spectroscopies such as strequency generation and second harmonic genetatiare
surface sensitive and provide information on the orientation of moleculethdy do not
give quantitativenformation on surface compositiolBeing 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 expdgedtly to vacuum.Scattering
techniques such as neutron reflectomEtryX-ray reflectivity>>, angleresolved Xray
photoelectron spectroscd§; metastable atomelectron spectroscopy, and ion
scattering [e.g., lovenergy ion sd#ering'?® direct recoil spectromett’?, and Rutherford
backscattering spectroscdpy are sensitive to varying penetration depths, so thatses
of measurements with thesehaiques are typically convoluted with bulk informatidn.
addition, the interpretation of the results is not unambiguous and relies on theoretical
models of scattering.

Chemical structures of representative ILs are shioMrigure 9. The majority of ILs
studied to date via dynamical scattering experiments are based on-alkgl-3-
methylimidazolium cation (abbreviated [@&mim], wheren is the number of C atoms in
the alkyl chain). Alkyl chains in the cation arghe main nonpolar component;

consequently, alkyl coverage has been the focus of many surface analysis §ttidiéd!
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133 The main goal has been to accurately characterize the packing and orientation of the
chains and to determine whetheisifpossible 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
experimentThis has been demonstrated byshi& and coworkers by scattering N®and
Co® 13 from [Csmim]* ILs. The

chemical identity of the anion

[bis(trifluoromethylsulfonyl)imide ([TN] ), tetrafluoroborate ([Bf ), or Ct] was found

1-Ethyl-3-methylimidazolium Tetrafluoroborate
C,mim* BF;
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Figure 9: Chemical structures of some common ion pairs in room temperature ionic liquids, show

their chemical namesnd abbrevitons.

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

This result suggests, although somewhat indiyettie presence of anions at tharface.

Cationic alkyl groups provide broadly similar inelasicattering dynamics to wedtudied

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

moieties has different inelastic dynamié@atures (usually they increatiee stiffness of

the surface). Different degrees of accommimsfainight arise from different fractions of
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alkyl coverage, depending on anion identity. The TD fraction of inelastically scatteeed CO
also depends on alkyl am length, indicating a changesuorface composition with.*3’

The dependence of surface compositionchain length has been more incisively
characterized by reaction with a chemically specific atomic prdie method, referred
to as reactive atom scatteri(lgAS), provides the desired seigity toward alkyl chains
in addition to high surface specifiz. The production of scattered OH wher’P) atoms
bombard a surface indicates the exclusive reaction of an incident O atom with an H atom
at the liquidvacwm interface’ 136 13840 Thys, the yield of OH in a RAS experiment is a
guantitative measure of the hydrogen coverage of the surfts.chemical selectivity
can be further tuned by varying the energy ef@¢P) atoms.As discussed aboy®(CP)
atoms resulting from N®photolysis give different sensitivities to differentHC bond
types. This means that &®) from bulk photolysis preferentially probes secondary H atoms
in the alkyl chains over primary Hans from terminal methyl groupslhe dependence
of OH yield on CH bond type has been experimentally corroborated by reactive scattering
of OCP) from deuteriurtabeledSAMs.**! In contrast, OP) atens with higher incidence
energy, 8ch as those in a hyperthermal beam sddtdeave much more similar reactivity
toward H atoms in any chemical environment.

Both hyperthermal molecular beam experiments employintp)Cgtoms ad MS
detection RAS-MS)*3¢and bulk pltolysis experiments that used®@) atoms paired with
LIF (RAS-LIF)*%140 have demonstrated a propensity for the alkyl chains to orient
themselves toward the vacuum phaBespte previous conclusions to the doary based

on other surface analytical methéds!* 42the surface clearly does not become s&tdra
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with alkyl chains even for the IL with tH€1omim] cation. Further stdies focusing on the
effect of theanion on alkyl coveradeshowed that anns with smaller ionic volume pack
more efficiently at the surface and allow for more alkyl chains to cover the suiVdge.
simulations support all the experimental findinggure 10 demonstrates the predicted
increase in alkyl surface coveragettweither increasing alkyl chain length or decreasing
anionic volume, in semiquantitative agreement AKS-LIF measurementsThus, RAS

has beeshown to be an effective new tool to characterize liquid surfaces.
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Figure 10: Molecular dynamics simulations of the vacwiquid interface of nine ionic ligds: (a)
[Camim][Tf2N], (b) [Csmim][Tf2N], (c) [Comim][TfoN], (d) [Camim][OTf], (e) [Csmim][OTf], (f)
[Csmim][OTH], (g) [Camim][BF4], (h) [Cemim][BF4], and (i) [Cemim][BF4]. Each image is the snapshi
of the equilibrated vacuwiliquid interface as one l&s down along surface normahnions are shown
in green. Carbon and nitrogen atoms of the cation imidazolium ring are shown in p&atbon atoms
belonging to the methylnd alkyl substituents on the cation imidazolium ring are shown in
Hydrogen atoms are shown in whité&igure adapted frorfiesaSerrate et al.
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Sumnary Points

. There are now welkkdablished experimental methodologies to study inelastic and
reactive scattering at the surfaces of-lapor pressure liquidsSpectroscopic and
mass spectrometric (MS) methods of detection of nascent products provide
conplementary information that deementhe understanding of underlying
mechanisms.

. Direct Hatom abstraction reactions from hydrocarbons and related liquids and
proton exchange at the surfaces of protic liquids are the best understood classes of
reaction.

. A pervasive observation is a combiiat of direct, gas phadie scattering and

more complex processes leading to extensive energy loss to the liquid séfface.
least empirically, translational and rotational proestette distributions can be
fitted to khnary combinations of impulsive attering (IS) and thermal desorption
(TD). However, both experiment and theory warn against treating these limiting
cases toditerally.

. Both inelastic and reactive types of scattering are sensitive to the composition and
structure of the outer layers liduids, with excellent surface specificitythis has

been demonstrated for pure molecular liquids, for salty solutions spedially for

ionic liquids (ILs). Reactive atom scattering (RAS) is particularly promising as
surface analytical probe becausf its inherent chemical selectivity.

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

simulations geerally agree well with those inferred from experimeritds much
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more demanding to simulaseattering dynamics successfulbr honreactive and

reactive scattering.

Future Issues

. The dynamics of collisions on water and other liquids with high vapor pressures
are yet to be studiedvacuumbased analytical techniques have successfully been
apgied to water by using liquid miojets*>44and microfluidic devic€4®. These
experimental approaches could potentially be adapted foliqyad scattering
experiments. Indeed, scattering and evaporatioh inert gases from liquid
hydrocabon microjets have alregdeen demonstrat&®!4’, although scattering
from water microjets still presents challenges.

. Further deviopments to the methods available to interteghe mechanisms of
dynamical sceiering can be anticipated.hese are likely to include new and more
sophisticated imaging methods for detecting the scattered prodtmt&xample,
velocity-map imaging (VMI) with resonaneenhanced multiphoton ioniZzan
(REMPI) detection has recentigen demonstrated for théated scattering of HCI
from selfassembled monolayer (SAM) surfac¢és.This would both broaden the
range of product species that can be detected spectroscopically and provide
additional mechanistically diagnostic information about stakeific velocity
distributions.

In conjunction with improved det#ion methods, there is considerable scope for

the range of inelastic and reactive scattering projectiles to be exteridexse
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would both open up studies of distinct mechanistic classeadfioa and further
the potential ér reactive atom scatterindRAS) to be exploited as an analytical
probe for the presence of different atoms and groups at a wider range of liquid
surfaces.
. Advances in computational power and/or the efficiency of mixedntum
mechanics/molecular mechagsi¢QM/MM) scattering methodare necessary to
make the comparison of experimental scattering results with theoretical predictions
feasible on a more routine basis, particularly for reactive scatteEmgeriment

currently leads theory significantly in tharea.
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PROBING CONFORMATIONAL HETEROGENEITY AT THE
IONIC LIQUID-VACUUM INTERFACE BY

REACTIVE ATOM SCATTERING

Abstract

The atomielevel description of liquid interfaces has lagged behind that of solid
crystalline surface beause exdting 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 thdiqgad interface by
studyirg the F-atom €attering dynamics on a common ionic liquid;budtyl-3-
methylimidazolium bis(trifluoromethylsulfonyl)imide. When given contrast by deuterium
labeling, the yield and dynamical behavior of reactively scattered HF isotopologues can
resolve dishct ggnatures from the cation butyl, methyl, and ring groups, which help to
guantify the relative populations of cation conformations at the ligaaium interface.
These results demonstrate the importance of molecular organization in drivisgesitie

reactionsat the extreme outer regions of the-tjgaid interface.

Introduction

Roomtemperature ionic liquids (RTILs) are a chemically and structurally diverse
set of molecular salts, with low melting points and vapor pressures, that rolagrbeally
tuned fo a wide variety of potential technological applicatiéf®e>* Following the

discovery of nanoscale structuring in the RTIL B8i&®® and at interfacge!®*163 a broad
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effort to characterize and understand the nature of this structuring was launched, in order
to guide the design of RTILs with desired propertés®* The RTIL interface with
vacuum has emergex an important benchmark systemtfe study ofiquid interfacial
structurebecause the properties of this interface are completely dictated by intermolecular
interactions of the RTIL without complications inducedly pregnce of a second phase.
In addition most RTILs are stable under ulnggh vacuum conditiongminimizing the
presence of volatile impurities and permitting the use of a wide variety of powerful surface
science methods traditionally restrictecsttids.*>1¢® In analogy with the surface sites of
crystalline solids, a distribution of stable ion conformations aligiuéd-vacuuminterface
might show distinct, sitspecific chemical or physical properti#d’® or reveal local
contributions to collective properties of the fluctuating interfd&&*

Experiments capable of quantifying the relative populationgpreferredion
corformations are cruciab the development and verification i&alistic models of the
liquid-vacuum interface of RTILs and other molecular liquidMethods like sum
frequency generation (SFG) and ang#solved X-ray photoelectron spectroscopy
(ARXPS) hae made important contributions to our understanding of the average
orientation of specific ions at the liquidicuuminterface of common RTILE 175177 A
smaller number of studies using molecular dyiwarfMD) simulations and lovenergy ion
scattering (LEIS) have addreskthe distribution o relative populations of ion
conformations asuchinterfaces.28 130. 17879 Qyr own investigabns of the RTIl-vacuum
interface with the use of reacthatom scattering have revealed general features of the

interface through signatures in the scattering dynamic§. 18281 Unlike studies of
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inelastic scattering on interfas with noble gas atoms, reactiadom scattering is
intrinsically chemically specific because the scattered reaction product carries a surface
atom that the probe atom nidsave come into contact with before the product exited the
interface. In the studyreportal here we have achieved s#specific information by
reactiveatom scattering through the first uses of an isotopidabgled RTIL and a
fluorine probe atom fosuch an experiment. Our primary data angle and velocity
resolveddistributionsof readively scattered producfsom deuteriurdabeled variants of
the common RTIL, 1-butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide
([Camim][Tf2N]). We hawe demonstrated thsurface specificity othe reactive atom
probe, and we have deegquantitative informationaboutthe relative number density and
local environment of specific cation functional groups accessibtleetprobe. We have
further conducted polarizable molecular dynamics (MD) simulations of the fi@adum
interface andcomparedthe MD predictions withthe experimental results. The good
agreement between the two implies a robust quantitative understanding refatinee

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

Results andiscussbdn

The experiments werearried out with the use of a molecutsgam apparatus
configured for bearsurface scattering studies, as described in previous public&tiéhs.
A pulsed beam of higkelocity F atomswas directed at the continually refreshed liguid
vacuum interface of a ythim][Tf2N] isotopologue Eigure 1) at an incident angldé. For

a givend, a rotatable mass spectrometer was used to monitor F, HF, and DF products that
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scattered at a pactilar final angledr. Number density distributions of scattered products
were collected as a function of flight time from the interface to the elettrpact ionizer

of the detector; these distributions are referred to asdirfight (TOF) distributons.

1-butyl-3-methylimidazolium 1-butyl-3-(Ds;)methyl(D;)imidazolium
[Cymim]* d¢-[C,mim]*
D H

1-butyl-3-methyl(D,)imidazolium 1-butyl-3-(D;)methylimidazolium
dz-im-[C,;mim]" d;-Me-[C,mim]*

(0] _ 0
\\S/N\S//

PR

bis(trifluoromethylsulfonyl)imide
[TFN]I

Figure 1: lonic liquid ion structures, with names and abbreviatiof#)e four ionic liquid isotopologues
that were prepared for this studfhe numbeng scheme used to index carbon atoms éxcttion are
explicitly shown for [Gmim]*. SeeSlI.1.B. for details of the ionic liquid synthesis.

Details of the experimental methods are provided in the Methods section below and in the

Supporting Inbrmation GI.I.LA). The bur deuteriurdabeled isotopologues of

[Camim][Tf2N] allow H-atom abstraction reactions at the cation butyl, methyl, and

imidazolum ringgroups( her eaf t er referred to as Adbuty
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distinguished. For example, scattering from the butyl group can be distinguished as HF
scattering from @[Csmim][Tf2N]. Scattering signals from the methyl and ring ¢z
similarly distingushed using other isotopologues ofii@m][Tf2N].

Representative TOF distributions are showrkigure 2 for F, HF, and DF that
scattered from the liquidacuum interface of fCsmim][Tf2N].  All three TOF
distributions can be und&pod aghe superposibn of three distinct contributions. The
TOF distribution at shorter flight times is produced by impulsive scattering (1S) trajectories
where the incident atom or the product has insufficient interaction at the interface for
thermalequilibrium to be attaied 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 dstribution characteristic of thermal desorption (TD) at the
temperature of the interfaceTOF signals detected at flight times that are too long to
associate with IS or TD are labeled as kinge (LT) signals.The origin of theL T signd
is currently unclear; this signal might be a signature of a hydreg@m abstraction
reaction in a higher density region of the liqui@cuum interface or it may be an
experimental artifact (see discussiorsinll.D). The high incident energyf theF atoms
(&Ei8= 384 kJ mdt ) promotes spatially localized collisioasdhigh IS yields, as well as
large temporal separations between IS and TD distribusibadiquid temperature of 323
K.181.183 The translational energy distribut®nf the HF (or DF) products that have bee
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 mdl') is mostly releaskin internal excitation of the scatterptbduct 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 HHAUx from [Camim][Tf2N] at d = 60° andd = 70°.
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Figure 2: Representative timef-flight (TOF) distributions of scattered F, HF, and DF are showr
yellow. F atoms traveling at ~6300 nt &0E;0= 384 kJ mot) were directed toward the liquichcuum
interface of d-[Camim][Tf2N] at an incident angle of 60° for panéisC and 30° for pandD. The TOF
distributions have been separated into components corgiggoto products that were impulsivel

scattered (IS) and thermally desorbed (TD). The residual T€fbdtions show ignificant amplitude
at long flight ti me sDcdnpdarésthélerybb TQF digtrib@ionavih.the Td

predicted by aMaxwell-Boltzmann (MB) distribution at 323 K.

HF and DF TOF distributions have been used to deriveaniie pathwayspecific
scattering signals following a procedure describe&IdI(A&B ). The experimental data
collected in this study provide ae@ns to estimate the H/D isotope effe8kI[(.B), and

the appropriate isotope effect corrections have been applied to the DF signals such that
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they can be used to determine the relativespeific HF product distributions from an
undeuterated catiomlfimately limited by the accuracy of the isotog&eet corrections.
Therefore, nless it is important to note tha particular resulis derived from DF TOF
distributions explicit references to IS, TD, and LT HEsultsimplicitly include any

correced DF datathat wereused in the derivation @hos results.
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Figure 3: Siteresolved 1Sand TDHF flux percentagefrom the cation as a function ofdom incident
angleare expressed, respectively, as a fraction of total IS flux (solid circles with solid lines)ao
fraction of total TD flux (oen circles with dashed linesdplack dashed lines mark the HF flugngentage
predicted by stoichiometry for butyl (60%) and methytharing (20%).

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

are shown irFigure 3. Butyl is the dominant source of IS and TD HF-88%), followed

by methyl (412%) andt he ring ( O3 %) . Thus, t he

HF

y
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expected from stoichiometry (60%), and the vyields from methyl #rering are
successivelgmaller than expected from stoichiometry (20% each).

Figure 3 contains important information on therface specificity of IS and TD
HF scattering.In principle, thesurface 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 vacuusiiquid interface befre abstracting a hydrogen atom and
desorbing as HF or (2) in@dt F atoms may form HF in an initial ntimermal reaction
before trapping and subsequent desorption of HF. If pathway (1) is dominant, then the
similarity between the IS and TD HF flux pentages could indicate that IS HF and
thermal F atoms at the ligltvacuum 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 ambiguitg the observed IS HF, as it must involve a-non
thermal Hatom alstraction It is important to note that the IS HF flux percentage from the
ring is difficult to interpret because the strong @gH bonds and the competing process of
F-atom addition tdhe imidazolium ring is expected to reduce the reactivity of thigigr
relative to the butyl and methylF atoms that penetrate into the tightly packed region
beneath the outermost interfacial atoms should experience a large number of highly
inelastic collisons; therefore, the hyperthermal translational energy of ISsHftrong
dynamicalevidence that IS HF must be highly surface specific. If a significant fraction of
incident F atoms were to penetrailistically deep into the liquiebacuum interface ah
react to form HF, this signal would be expected to grow amtgent 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'hwol 74% in traslational energy in
the normal direction. However, the siesolved IS HF flux percentages are largely
insensitive taf, indicating that the IS HF hydrogetom abstraction event is restricted to
hydrogen atoms that are directly accessible to an incident F atom. Therefore, the IS HF
flux from a specific GH bondtype should be approximately proportional to its number
density at the liquidvacuum interface. This conclusion is also supported by the highly
nonstoichiometric 1S HF flux percentages from the chemically similar butyl and methyl
groups. F atoBhat penetrate sufficiently deeply to sample the bulk compodti@ulld be expected to sample
butyl and methyl €H bonds stoichiometrically. The observation that all butyl and methyl
C-H bonds are not sampled stoichiometrically suggests that the-lrgoichm interfacial
structureof [Csmim][Tf2N] is responsible for #large IS HF flux percentage from butyl
relative to methyl. This result is consistent with previous studies, which have concluded
that [Gmim]*cat i ons with n O ~warddhe vaeunf®forimimga al k vy |
nonpolar layer of alkyl groups abowan ionic layer containing the positively charged
imidazolium ringand charged portion of the anib#. Despte the preponderance of
accessible butyl groups at the interfattee substantial IS HF yield from methyl suggests
that these groups are also accessible anhtbgace

Further investigaion of the distribution of cation conformations at the liquid
vacwm interfacevas performed with polarizable molecular dynami¢sD) simulation
of the [Gmim][Tf2N] liquid-vacuum interface (se®l.Il.C for details). The atoms on the
simulated liquidvacuum interface that are accessible to aplese probe atom were

identified by an algorithm in whicla sheet of probe spheregas droppedonto the
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interface!’®1’® Interfacial doms that come into van der Waals contact with a probe sphere
are assumed to be accessible tog@sse F atomsUsing this method, we found that the
methyl groupsare approximately 17% of the total number of butyl and methyl groups
accessible to the vacou 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 abothie distribution of cation orientations at the liqui@cuum interface and
the equal accedslity and reactivity of all GH bonds for a butyl or methyl group exposed
to the vacuum (see Sectiddl.ll.G). A more direct comparison between the MD
simulationand the experiment is in the ratio of butyl to methyl H atoms that are accessible
to the vaaum, the experimental value of which is 13.3 when averaged over all three
incident angles used (sEgure 3). If we assume that all butyl and methyHbondsare
equally reactive, theatio of butyl to methyH atomsselected by the sheet of prolpdheres
in the MD simulation is slightly larger, 295, although still in agreement within the error
limits of the two results. Our polarizable MD simulations shinat the subset of
[Camim][Tf2N] cations that expose methyl atomshe vacuum tend to agd one of two
conformationgsee Figs. St&14), with the NCH3z bond oriented roughly parallel to the
interface or perpendicular to it and projecting toward theuwact The cation
conformationswere quantified with the angledvethyi anddsutyl. dwvethyi is defined as the
angle betweethe interfacial normal (a vector normal to the interface@mating toward
the vacuuand the NC vector where C is the methylrban. dsuty is defined as the angle
betweerthe interfacial normadnd the vectordtween the butyl methylene carbattached

to N and the last butyl methyl carbolthough the conformation distributions are broad
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and overlapping, we estimate that 81%2%, and 7% of cations at the ligardcuum
interface are in orientationsdiethyi > 90°, dzutyl < 90°), 1l ([dviethyl ~ 90°,dButyi < 90°), and
I (dvethyi < 90°,dButyl > 90°), respectively. This cation conformation distribution yields a
value of ~17%or the fraction of methyl groups as a percentage of the total methyl and

butyl grops exposed to the vacuum,

. 00000 . bec X .
pmm O 00 "C)"C)"O"C)"C)p nn 'ﬂJ P pPC P C X P X

which is consistent with the fraction determined by the sptiesp mehod. The cation
conformation distribution obtained from our polarizable MD simulation is quakist
similar to the cation conformation distribution derived from a slightly different analysis
procedure applied to classical MD simulationf@imim][PFe] at 298.15 K, where 75.3%,
17.2%, and 7.5% of surface cations were reported to be in conformatibnand I,
respectively\t’#17% 184 The near quantitative agreement between the experimentally
derived conbrmation distribution and th@redictions of the MD simulation simultaneously
adds confidence in the ability of both the simulations and reaatom scattering to report
conformational heterogeneity at the liidcuum interface.

The product angular digbutions provide additionaéxperimentalinformation
about interfacial structure. The HF angular distributiorfSigure 4A-C show that IS HF
flux from butyl, methyl, andhe ring approaches a caf) angular distribution as the
incident angle decreaseA notable exception to thieend is in the angular distribution for
IS HF from the ring, which will be discussed below. As demonstrat&d.inE , the IS
HF angular distribution from methyl cdre well described as a linear combination of a

cosk) function and the IS HF anguldistribution from butyl, for eacti. Asd; decreases,
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the weight of the codf) term increases. Thus, the scattering dynamics of IS HF from any
cation group appear tze intrinsically similar and primarily differ in the importance of one
or more process that damp the angular distribution toward adgpdistribution. A likely
explanation is that collisions before, during, or after the IS HF reactive everenthtp
randomize the scattering angle and produce algasimponent in the resulting argu
distribution. The involvement of such secondary collisions is consistent with the increase
in cos(k) character in the IS HF angular distributions with decreadiagd the general
observation that TD increases at the expense of IS at ldwésee SIILE&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 &tk butyl possesses the
least cosf) character at alfi (excluding the IS HF from #ring atdi = 30°),implying that
the fewest multipldoounce trajectories are involved in the production of IS HF from butyl

and therefore that the most accessibld 6onds at the interface are on the butyl group.
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Figure 4. (A-C) IS HF angular distributions from the @im]* butyl, methyl, and imidazolium ring
groups. Each point represents the relative integrated product flivedidrom a TOF distribution at ¢
givend andd:. Each trace has been scaled so the Cartesian area befwe®d° andd: = 80° (range
shown in gray) as a value of 1.0.D, E) Side views of two cations at the ligewécuum interface, from
a classicaMD simulation. The majority configuration expogée cation butyl group to vacuum, ar
the minority configuration exposes the cation methyl group towac(yellow sphere: fatom; yellow

line: liquid-vacuum interface; lighblue: liquid atoms that do naielong to the cation). Fj Top-down

view of theliquid-vacuum interface predicted by classical MD simulation Skk.B) rendered as ¢
series of opaguspheres, with all nehydrogen atoms shown in gray. Representative surface site:
expose the kyl or methyl to vacuum are identified with dasHsde or pink circles, respectively. Not
that the angular distributions from the ringlat 30° and60° are noisier than the others because they
derived by subtraction (IS DF from-fCsmim][Tf>N] minus IS DF from g-Me-[Casmim][Tf2N]). The n

vectoris labeled as macroscopic surface normhleny is defined as the angle between the interfac
normal (a vector normal to the interface and pointing toward the vacuum) and@heektor where C is
the methyl carbon.dswy is defined as the angle theeen the interfacial normal and the vector betwe
the butyl methylene carbon attached to N and theblaty! 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 dynamisgnatures of interfacial structure (see
SLILF). In this context, the increaginmportance of secondary collisions is assumed to
be responsible for the correlation between lower relativedgadfaracter in the IS HF
angular distributions and higher IS to TD HF flux ratios SEB.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) ath = 60°, indicating that Fhtomabstraction 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 thequid-vacuum interface oriesuch thathe butyl group protrude
into the vacuum.Thus, elative to the liquieatom density around a butyti& bond, the
average liquieatom density around a given methylHCbond is higher and the likelihood
of secondarygadlisions with butyl or othemprotruding groupss higher.

The dependence of the IS HF angular distributions dorprovide another
independent signature of interfacial structure. As noted in the conteigwe 4A-C, all
the IS HF angular distributisapproach a cody) functional form asf decreases from 60°
to 30°, with the exception of thdistribution from the ring adf = 30°. Even within the
uncertainty in theangular distribution from the ring a = 30°that results from the
subtraction rathod used to derive it, this distributierhibits a peculiar shape that has a
maximum at lowds and is narrower than a cdg(function. Similar IS product angular
distributions withd O 30U have been obser vendationsofear | i

nonreactive hyperthermal scatterirj atomsfrom ice and setassembled monolayer
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(SAM) interfaces®1% In these earlier studies, the narrow IS angular distribution with a
maximum at lowd: has been identifet as a sigrare of trajectories that penetrate the
interfacial region via pores or channels before scattering into the vacuum. At the liquid
vacuum interface of [fnim][Tf2N], the intermolecular space between ordered cations and
anions may serve a similpurpose. By analogy with these earlier studies, the angular
distributions inFigure 4A mayindicate that IS HF from the ring comes from penetration
trajectories but IS HF from butyl and methyl do n@tis suppositions consistent with
our earlier conlusion that methyl IS HF signal originates from methyl groups exposed to
the vacuum.If thering is less accessible than exposed methyl or butyl groups, thed the |
and TD HF flux percentagdrom the ringwould be expected to be low, as was observed
(Figure 3). In addition,reduced Hatom 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 athe interface, and the experimental conclusions have been corroborated
by the polarizable MDimulation, which in turn provides further detail of the interfacial
structure. Highise-specific HFIS yieldsfrom butyl andhe incidentangle dependence of
the cos@k) characteiin the IS HF flux from butyl indicate that the predominant cation
conformdion 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,
addtional evidence from the incidesmingle dependence of the LT DF yiel®&l.(I.D)

suggests thahe methyl group is directed toward the liquid bulkhe two conformatins
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deduced from the experimental results are captured in the MD simulations, regré@sente
the snapshots shown kigure 4D-F. The polarizable MD simulations predict a ratio of
exposed butyl to methyl atoms of 19 + 5 (se®l.ll.C), in reasonablagreenent with the
experimental ratio of 13 + 3 (derived from dataRigure 3A). When the elative
conformation population is represented as a percentage of exposed butyl groups, the MD

and experimental results are 77% and 80%, respectively.

Conclusion

Isatopic labeling reduces the dynamical assumptions necessary to interpret
reactiveatom satteringfrom liquid interfacesand advanesthe utility of this analytical
tool. Even on a fluctuating and thermally disorderedn{@][Tf2N] liquid-vacuum
interface,productyields and dynamial signaturesan resolve differences betweerHC
bonds that ara few angstroms apaon the [Gmim]* cation. Wehaveleveragé this
sensitivity to obtain the relative population and local environment of two cation functional
groupson [Camim][TfoN]. While the expements themselves have revealed details of
liquid-vacuum interfacial structure, they have also validated atomistic simulations, which
have further quantifiedhe relative population of distinct cation conformationsthe
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 averagetities.



76

Methods

GasLiquid Scattering Experiments

All experiments were carried out with the use of a crossed molecular beams
apparatus configured for beasurface scattering. A laser detonation source was used to
atomize SFEinto a pulsed beamf dwyperthermal neutral atomic fluoe and sulfur (2 Hz
repetition rate). This beam was directed into a vacuum chamber (base pressure <
udt p 1 Torr) where a chopper wheel was used to transmit F and S atoms within a
narrow velocity rangewith a correponding average translational energg anergy width
(full width at half maximum) for F atoms 60 Gt 384 kJ mol and FWHM = 49.8 kJ mol
! respectively The pulsed hyperthermal beam was directed at the fepsdum interface
of a [CGmim][Tf2N] isotopologue prepared by rotating a staintte®l wheel through a
liquid reservoir and scraping the fimwuni f or m t hi ckness of 125
frequency of the wheel was 0.25 Hz and the liquid temperature was held at 323Thé K.
experimets focused on the interactions of the incident F atoms at the -N@uzigum
interface. F, HF, or DF producthat scattered from the liguhcuum interface were
detectedby a quadrupole mass spectrometer detabtdicanrotate in a plane defined by
the F-atombeam axis and global surface normal of the liquid filkor specific sets of
incident and final angles§ andd;, respectively, amber density distributions) (0 , also
referred to as timef-flight or TOF distributionspf massselected produstwere collected
as a function of flight time from the liquid surface to the electron bombardment ionizer
(34.4 cm) of the detectar The TOF distributions carry information about inelastic and

reactive scattering pathways at the interface. The methasts tosanalyze 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 modelctiraposition and
structure of thgCsmim][Tf2N] liquid-vacuum interface First, a ¢assical MD simulation
of the [Camim][Tf2N] liquid bulk was performedwith GROMACS 2018.1 using the
Canongia Lopes andaBua (CLAP) additions to the OPL-8A forcefield. 640 ion pairs
were propagatedt 323.15 K with 3D periodic boundary conditions inisothermal
isobaric (or number, pressure, temperature = NPT) enseidbld, a snapshot of the bulk
production run trajectgrwas extracted and edited to extend zhaxis of the periodic
boundary condition unit cell by a factor of 3. These initial coordinates were used to launch
a classical MDsimulation of a vacuuriquid-vacuum slab system at 323.15 K with 3D
periodic boundry conditions in acanonical(or number, volume, temperature = NVT)
ensemble A snapshot of the NVT production run trajectaf the slabwas usedo
constructinitial coordinates for a polarizablee-shell MD simulation with parameters
specifically deeloped to augment the ngqolarizable CLAP model with an electronic
degree of freedort?*1°2 These polarizable MD simulations were executed with a branch
of GROMACS 2016 that implements a dithermostat extended Lagrangian algoriftif
One NoséHoover thermostat was applied to all shell particles to maintain a temperature
of 1K. A second Noséloover thermostat was applied to all hydrogen atoms and core
particles to maintain a temperature of 323.15l0ng-rangevan der Waals interactions

were included with a PME method. The PME method was also used to includahgeg
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electrostatics with a correction term for slab boundary conditions. After energy
minimization, the system was equilibrated by pggtag 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.

Supplementy Information

|. Materials and Methods

A. ExperimentaDesign andProcedure All experiments were carried out with the

use of a crossed molecular beams apparatus configured forsbetate scatterind-{gure
S1)8.84.182 Additional information on the apparatus can be found in previous publi¢ations
181,194 |n this experiment, a GOTEA laser beam (2 Hz repetition rate, 7 J pulseas
directed into a vacuum chamber which was pumped through a gate valve by a 2400 L/s
turbomolecular pump to a base pressuredf p 1t Torr. Insidethis vacuum chamber,

the laser beam was focused by a concave gold mirror into the throat qfea cope where

an Sk gas pulse was injected by a custom piezoelectric pulsed valve with a stagnation
pressure of 210 psig. The focused laser radiation agohtine SEgas through multiphoton
dissociation and heating caused by the fasduced breakdownf the gas, resulting in a
pulsed beam of hyperthermal neutral atomic fluorine and $tifuvhen the pulsed source

was operating, the peak of the oscillatory pressure profile colycbercrudely estimated
at@dt p 1 Torr, because the relatively high pressure of F atonmseisdurce 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 hyperthermat leedered a second vacuum
chamber (base pressur@&t p 1 Torr) and passed through an gpee, 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 hifpermal beam was directed at the
liquid-vacuum interface of a fim][Tf2N] isotopologue pepared by rotating a stainless
steel wheel through a temperatwentrolled liquid reservoir and scraping the film on the
wheel to a uniform thickness of 125m®. In this experiment, the rotation frequency of
the stainlessteel wheel was fixed at 0.25 Hz and the liquid temperature was held at 323 +

1K

Chopper
: gfwheel

. 4 . F-Atom Source
" Rotatable

v Liquid
Tolon Rotatable Reservoir
Counting Mass

System Spectrometer

Pulsed
Valve

Figure S1 Schematic diagram of the experimental setup.

The entire reservoir assembly (wheel motor, wheel, scraper, and liquid reservoir)
was mounted on eylindrical manipulatorwhose rotation axis passed through the liquid
vacuum interface. The hyperthermal beam axis and the manipulator axis were
perpendicudr to one another. Also, the center of the circular or elliptical area of the ionic
liquid film exposedto 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
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corfiguration, the incident anglef, between the hyperthermal beam axis and surface
normal of the liquidifm could be set by rotating the manipulator. Products that scattered
from the liquidvacuum interface were detected after passing through the enaperdure
of a mass spectrometer that could independently rotate about the manipulator axis in a
plane @&fined by the hyperthermal beam axis and nominal surface normal of the liquid film.
This mass spectrometer contained an electron bombardment #¥hizeupled to
quadrupole mass filter and a Daijgpe ion counting systei¥l. The final (or exit) angle,
dr, is defined as the angle between surface normal of the liquid film and the vector from the
beamexposed area of the liquid film to the entrance apertifiréhe rotatable mass
spectrometer. Positive values dfindicate that the hyperthermal beam aaisd the
rotatable mass spectrometer axis are on opposite sides of surface normal of the liquid film.
Negative values otk indicate that the hyperthermaédm axis and the rotatable mass
spectrometer axis are on the same side of surface normal of tidkfiligu

The rotatable mass spectrometer was used to collect number density distributions
as a function of flight timeN(t), also referred to as tiraf-flight or TOF distributions).
When collecting TOF distributions of scattered products, the rangeaassible final
angles was dependent on the incident angle.d At 30°, 45°, and 60°, the minimum
accessible final angl e stivelwehtal d2tbeAmaxinul, and
accessible value af was 80°. In all experiments reported here, TOF distributions were
collected across the accessible range afl fimgles in steps of 5°. Conditions for the TOF

distributions are shown ifable S1
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Table S1. Conditions for all experimental TOF distributions. Each row identifies the liquid studied
incident angled), and the specific mage-charge (/2 ratio monitored for a set of TOF distribution
collected across a range of firsdgles ¢f). For examplesow 1 describes the conditions for 13 differe
TOF distributions that only differ idi. Note thatn/z= 19 corresponds to the detection ¢fpffoduced
by electron bombardment ionization of neutral F atoms that seadftermn the liquid-vacuum interface
and passadthrough the entrance aperture of the rotating mass spectrometer. This also applies 1
20 (HF produced from HF) anoh/z= 21 (DF produed from DF).

Row Liquid di m/z di Range

1 [Camim][Tf,N] 30° 19 20° t080° in 5° increments
2 [Camim][Tf2N] 30° 20 20° to 80° in 5° increments
3 [Camim][Tf,N] 45° 19 5°t0 80° in 5° increments
4 [Camim][Tf,N] 45° 20 5° to 80° in 5° increments
5 [Camim][Tf,N] 60° 19 -10° to 80 in 5° increments
6 [Camim][Tf,N] 60° 20 -10° to 80° in 5° increments
7 ds-[Camim][TF,N] 30° 19 20° to 80° in 5° increments
8 ds-[Camim][TF,N] 30° 20 20° to 80° in 5° increments
9 ds-[Csmim][Tf,N] 30° 21 20° to 80° in 5° increments
10 ds-[Csmim][TF,N] 45° 19 5°to 80° in 5%increments
11 ds-[Csmim][TF,N] 45° 20 5° to 80° in5° increments
12 ds-[Camim][Tf,N] 45° 21 5° to 80° in 5° increments
13 ds-[Camim][TF,N] 60° 19 -10° to 80° in 5° increments
14 ds-[Camim][TF,N] 60° 20 -10° to 80° in 5° increnmds
15 ds-[Camim][TF,N] 60° 21 -10° to 80° in 5° increments
16 ds-Me-[Comim][Tf,N] 30° 19 20° to 80° in 5° increments
17 ds-Me-[Comim][Tf2N] 30° 20 20° to 80° in 5° increments
18 dx-Me-[Cymim][Tf,N] 30° 21 20° to 80° in 5° increments
19 ds-Me-[Camim][ Tf,N] 45° 19 5° to 80° in 5° increments
20 dx-Me-[Cymim][Tf,N] 45° 20 5°1t080° in 5° increments
21 dz-Me-[Camim][Tf,N] 45° 21 5° to 80° in 5° increments
22 dz-Me-[Cymim][Tf,N] 60° 19 -10° to 80° in 5° increments
23 d3-Me-[C4mim][Tf,N] 60° 20 -10° to &° in 5°increments
24 ds-Me-[Camim][Tf2N] 60° 21 -10° to 80° in 5° incremds
25 dz-im-[Csmim][Tf,N] 45° 19 5° to 80° in 5° increments
26 dg-im-[Camim][Tf,N] 45° 20 5° to 80° in 5° increments

The mass spectrometer detector was also used to characterize the hyperthermal
beam. This was accomplished by lowering the liquid reservoir until it did not obsteuct t
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 precursore$fas was completely atomized t@fd S atoms.

The relative fluxes of F and S atoms in the beam were computed by inted\é)ihgnd
correcting for atordependent differences in the cross section for electron bombardment
ionization. In this context,is the flight time over a 99.2wwdistance from the apex of the

copper cone in the hyperthermal beam source to the elecrobardment ionizer in the
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rotatable mass spectrometer. The translational energy distribution of F atoms in the pulsed

hyperthermal beam before and after veloc#iglection is shown inFigure S2
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Figure S2 Representative -Btom (/z = 19) translational energy distrittons produced bythe

hyperthermal Fand Satom sourcavith and without velocity selectiomsinga chopper wheell7.8cm

in diameter, 1.3 mm slot width, 300 Hz rotation frequ@n®oth translational energy distribatis have
been normalized to have aarimum value of 1

The chopped (velocity selected) beam was used in all experimeigisre S3 displays
representative translational energy distributions and relative flux percentages of F and S
atoms in the pulsed hgphermal beam. Omrdhe average-&tom velocity of the chopped
hyperthermal beam was known, the nominal time at which thtofs pulse struck the
surface could be determined and the TOF signals from liquid scattering products could be
converted to relate product fluxes bintegratingN(t)/t, wheret is the flight time across a

34.4 cm distance from the beamposed area of the liquid film to the electron
bombardment ionizer in the rotatable mass spectrométédrough the general design and
operation 6the liquid reservio is similar to that used in previous studié8! the specific
reservoir used in this experent was a newly fabricated variant optimized for low sample

volume ( 5 mL) and the detection of large final angles (udite 80°).
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Figure S3 Representative-&tom (n/z= 19) and Satom m/z= 32) translational energy distribution
produced bydser detonation of SFollowed by velociy selection using a chopper wheel. Backgrou
subtracted TOF distribution®if F atoms in the beam were divided thg electrorimpactionization
cross sectionl.04594 K. Similarly, backgrounesubtracted TOF distributions for S atoms in the be
were dvided by theelectronimpactionization cross sectio3.11771 K. No otherdetection efficiency
corrections were applied. No Sépecies where detected in the bedrhe total areander the Fatom
and Satom curves is equal to The relative area dhe Fatom and Satom curves is equal to the relati
F-atom and Satom flux Note that the Fatom percentage is within 6% of the value predicted
stoichiometry (85.7%).

All tools wsed in the assembly of the liquid reservoir atidcomponents of the
liquid reservoir were cleaned thoroughly before use. The cleaning procedure was as
follows. Parts were sicated for 20 minutes in a dilute solution of Tritor1RO (CAS
Number 9002293-1) 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 aftewvard, thepartswere sonicated for 20ninutes in HPLC grade acetone.
After cleaning, he liquid reservoirwas assembled and installed in the besumface
scatteringapparatus At all stages of cleaning, assembly, and installation, the tools and
reservoi were handled with nitrile gloves. A syringe was used to add 2.5 to 3.5 &L of
[Csmim][Tf2N] isotopologue to the reservoirThe reservoir wheel was then set into

motion, and it was visually confirmed that a smooth and uniform film was established on
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the surface otherotating wheel. The bearrsurface scatteringpparatusvas the sealed
and the reservoir wheelas left running while the chambewras slowly reduced from
atmospheric pressure, first by roughing pumps and then by cryogenic pathpampes
were degasedovernight while the Fatom source chamber and the scattechmgmber were

pumped to base presssrearld ’ Torr.

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

performed under an inert atmosphere of nitrogeing standard Schlenk line and glovebox
techniques.Toluene was purified with the aid of an Innovative Technologies anhydrous
solvent engineering systenichloromethangDCM), acetonitrile(CH3CN), and hexane
were purified by distillationwith the se ofcalcium hydride (for DCM and G4€N) and
sodium (for hexane) as drying agents-methylimidazole and -ID3]-methylimidazole
were dried over calcium hydridena distilled under reduced pressureurification of 1
bromobutane was performed by distited immediatelyprior to use, in the presence of
activated 4 A molecular sieves under nitrogdPeuterium oxide (99.9 % D) and [P
methanol (99.0 % D) were obtained from Aldrich and used without further purification.
[D3]-methyl iodide (99+ % D) was pthased from Acros and used as receivétiNMR
spectra were acquired at 293 K on a JEOL HEIR instrument withan operating
frequency of 399.78 MHz. Sodium imidazolate and all ionic liquids syntlresi are
hygroscopic angverestored under an inert atsphere.

To preparel-butyl-3-methylimidazolium bromidedistilled 1-methylimidazole
(68.0 g, 66 mL, 0.83 mol) was added dropwsea tflask containing an excess of freshly

distilled 1-bromobutane (121.2 g, 95 mL, 0.88 mol) and dry toluene (150 mLChe
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mixture was allowed to stir at 60 °C overnigiffter this time, the toluene upper layer was
removedvia cannula and the ionic ligd phasevaswashed with dry toluene €350 mL).
After removing the solventia cannula filtration, the IL phase was dtignder vacuum to
give a white solid, which was ground in the glovebox and further drigdcuoat 60 °C
for 5 days (168.5 g, 93%6eld). *H NMR (400 MHz, RO, 293 K),l (ppm): 7.44 ¢, 4 =
1.6 Hz, 1 H), 7.40d, % = 2.0 Hz, 1 H), 4.16t(3) = 6.8 Hz 2 H), 3.65 § 3 H), 1.80
(quintet 3J = 7.2 Hz, 2 H), 1.27sextet3J = 7.6 Hz, 2 H), 0.88t(3J = 7.2 Hz, 3 H).

To prepare dutyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide, a
solution of [Gmim]Br (38.02 g, 0.17 mol) in deiored water {00 mL) was treated with a
solution of Li[TfN] (50.6 g, 0.18 mol) in deioned water (50 mL).The bphasic system
was stirred overnight at room temperaturAn aqueous extraction (6 50 mL) was
performed to remove the lithium halide until no precijiatof AgBr occurred in the
aqueous phase upon addition of AgiN®Ilution. The colaless oil was the driedin vacuo
at 60 °C for 2 days (66.8 g, 92% yieldH NMR (400 MHz, acetones, 293 K),U (ppm):
9.036 1 H),7.77¢ 1 H), 7.71 § 1 H), 4.37(t, 3 = 7.2 Hz, 2 H), 4.065 3 H), 1.93
(quintet 3J = 7.6 Hz, 2 H), 1.38sextet3) = 7.6 Hz, 2 H), 0.94t(3) = 7.2 Hz, 3 H).

Sodium imidazolate was prepared foflowing a literature method with some
modificationg®®% 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 atmosphedazole
(5.53 g, 81.2 mmol) was ground into adipowder and slowly added over tmurse of 3
hours A gentke effervescence of hydrogen occurred during additidfter 24 hours of

stirring, the solvent was removead vacuo Becauseof the high hygroscopicity of the
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product, the workup wasperformed under nitrogeri.he white solid was washed withydr
hexane (4 30 mL) and dried at 100C under reduced pressure fe2 hours (6.93 g, 95%
yield). 'H NMR (400 MHz, DO, 293 K),l (ppm): 7.78 ¢, 1 H), 7.14 ¢, 2 H).

Methylation of sodium imidazolateo 1-[D3]-methylimidazolewas carried out
following a literature method with some modificatié?¥€®. Finely ground sodium
imidazolate (280 g, 0.31 mol) was suspended in dry acetonitrile (350 mL) under nitrogen
and cooled in an ice/salt bath-tb5 C. To thismixture, [D3]-methyl iodide (45.18 g, 19.4
mL, 0.3L mol) was added dropwise over ttwurse of3 hoursduring which time a yellow
color evolved. The resulting mixture was stirred at5 C for 3-5 additional hours and
then allowed to warm to room temperaturAfter 3 days of stirring, the solvent was
removedn vacuoto give an orange residuehigh was then extracted with dry DC(@3
100 mL) via cannula transfer. A yellowish oil was obtained after removal of the
dichloromethane under reduced pressiitee product was purified by vacuum distillation.
The colaless liquid obtained (19.4 ;17 mL, 73% yield) was stored at 4 under
nitrogen. The degree of deuteration on the methyl group was quantitativelMR (400
MHz, dmseds, 293 K),U (ppm): 7.60 §, 1 H), 7.15 ¢ 1 H), 6.91 ¢ 1 H).

To prepare 1-butyl-3-(Dz)methylimidazolium bromide distilled 1-[Dj3]-
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 éola (7 mL). The resulting mixture
was allowed to stir at 60 °C overnightUpon cooling to room temperature, the toluene
upper layer was syringed out, and the IL phase was subsequently washed with toluene (4

8 10 mL). The IL phase was then concentratedracuoto give a white solid, which was
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ground in the glovebox and dried & 6C for 2 h (10.0 g, 90% yield)The degree of
deuteration on the methyl group was quantitatitd. NMR (400 MHz, acetones, 293
K), U (ppm): 10.25¢ 1 H), 7.91 ¢ 1 H), 7.83 ¢ 1 H), 4.45(, 33 = 7.2 Hz, 2 H), 1.94
(quintet 3J = 6.8 Hz, 2 H), 139 (sextet3] = 7.6 Hz, 2 H), 0.95t(3J = 8.0 Hz, 3 H).

To prepare 1-butyl-3-(D3)methylimidazolium bromide a solution of d:-Me-
[C4mim]Br (10.0 g, 4.0 mmol) in deionied water (40 mL) was treated with a solution of
Li[Tf2N] (13.1 g, 45.5 mmol) ideionizd water (25 mL).The biphasic system was stirred
overnight at room temperature under nitrog&he ionic liquid phase was separatadd
the aqueous phaseas extracted with dichloromethane $210 mL). The combined
organicphases were washedtwdeionizd water (6 30 mL) until no precipitation of
AgBr occurred in the aqueous phase upon addition of Agddiition. The organic lagr
was then drieth vacuoat 60 °C for 2 days to yield an oil (17.4 g, 92% yiel@ihe degree
of deuteration orthe methyl group remained unchanged during the metathesis *$tep.
NMR (400 MHz, acetones, 293 K), i (ppm): 9.03 ¢, 1 H), 7.77 ¢, 1 H), 771 (5, 1 H),
4.37 ¢33 = 7.2 Hz, 2 H), 1.93quintet 3J = 7.6 Hz, 2 H), 1.38sextet3J = 7.6 Hz, 2 H),
0.94 ¢,3)=7.2 Hz, 3 H).

1-Butyl-3-methyl(Ds)imidazolium bis(trifluoromethylsulfonyl)imidevas prepared
following a literature methdd®2%°, 1-butyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide (11.4 g, 27.2 mmol) was dissolved in]{Dethanol
(54.5 g, @ mL, 1.65 mol), treated withresiumhydroxide monohydrate (1.34 g, 8.0 mmol)
and stirred fo 24 h at 50 °C under nitrogenthe mixture was neutrakzl with an 80%

aqueous solution of bis(trifluoromethylsulfonyl)imide, and the solvent was removed
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vacua The residue was partitioned bewwvedichloromethane (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 (32 50 mL), and the solvent was removadvacua The resulting oil was drieih
vacuoat 60 °C for3 days (10.7 g, 93% vyield)The 'H NMR spectrum in acetorng
revealed a degree of deuteration of 89% on thpaSition of the aromatic ring, and 93%
on the € and C positions.'H NMR (400 MHz, aetoneds, 293 K),l (ppm): 4.37(,3) =
7.2 Hz, 2 H)4.06 6, 3 H), 1.93 quintet 3J = 7.6 Hz, 2 H), 1.38sextet3) = 7.6 Hz, 2 H),
0.94 ¢, 3)=7.2 Hz, 3 H).

1-Butyl-3-(D3)methyl(Ds)imidazolium  bis(trifluoromethylsulfonyl)imide was
prepared following a literature methid?%°.  1-butyl-3-(Ds)methylimidazolium
bis(trifluoromethylsulfonyl)imide (8.61 g, 20.3 mmol) was dissolved in]{ethanol
(40.7 g, ® mL, 1.23 mol), treated withesium hydroxide monohydrate (1.01 g, 6 mmol)
and stirred for 24 h at 50 °C undatrogen. The mixturewas neutralied with an 80%
aqueous solution of bis(trifluoromethylsulfonyl)imide, and the solvent was renioved
vacua The residue was partitioned between dichloromethane (55 mL) and deuterium
oxide (35 mL). The layers were sepated and the aqueouyda was extracted witBCM
(35 mL). The combined organic layers were washed with deuterium oxi8le8G3mL),
and the solvent was removidvacuo The resulting oil was drieith vacuoat 60 °C for 3
days (8.0 g, 93% vyield). ThtH NMR spectrum in acetords revealed a degree of
deuteration of 89% on the?@osition of the aromatic ring, and 93% on thtadd C

positions. The degree of deuteration on the methyl group remained unchdngeag the
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ring deuteration step'H NMR (400 MHz, acetonals, 293 K), U (ppm): 4.37(,31=7.2
Hz, 2 H), 1.93 quintet 3J = 7.6 Hz, 2 H), 1.38sextet3] = 7.6 Hz, 2 H), 0.94t(3) = 7.2

Hz, 3 H).

Il. Supporting Information Text

A. DataAnalysisProcedure All experimental results were derived from TOF

distributiors,0 0, collected from the beassurface scattering apparatus showfigure
S1(seeTable Sifor a list of all TOF data). For a specific incident andlg (iquid sample,

and scattering product, the TD component of a total TOF distribution waslesdkibed

by

0 oh— O O0ATH 60 oAl©S
whered is the final angle an@ is a scaling constant selected to fit the experimetat.
0 0 is a number densitgistribution that orresponds to a MaxweBoltzmann speed

distribution at the bulk temperature of the liquid

oa 0
AT
wherem s the detected mass in g MpL is the distancé¢hat hescattered products must
travel to reach the ionizer in ciR,is the gas constant in kJ mbK'?, T is the bulk liquid
temperature in K, antds the flight timefrom the liquid interface to the ionizeréns Note
thatthe peak off O occurs &
‘ L a
o LL TR
and this flight time does not correspond to the most probable kinetic energy or the most

probable speed in a Maxwdloltzmann speed distribution at the bulk temperature of the
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liquid. For a specificd, liqguid samfe, scatterig product, andd, 0 0 is the IS
component of a totdlOF distribution 0 0 isisolated astheresidualdo 0 o for
m O O . Similarly, for a specific, liquid sample, scattering productdadh, 0 0
isthe LT component of a total TOF distribution. 0 is isolatedasthe residual 0
0O o foro 0O 0 whereo is the largest flight time measured (typically
10, 0sh O ¢

The fluxof all scattered products that contribute to a gi¥eno is given byO

0 0 0 'Qoand the flux of all scattered products that contribute to a givend

isgivenbyO 0 0 0 Qo0 Anatomic symbol or molecular formula is used as a

superscript when referencing a number density or flux of a specific atom or mokgule (

‘O is the flux of IS F). Note that the flux of all scattered products that botérto a given

0 0 distribution cannot be derived from the experimental data, bethessmcertain
residence time of the reagent F atom or HF producteninterfacial region makethe
relationship between product velocity and flight time umkn. In this studyy 0 is
therefore analyzed directly by monitoring the average TOF amplitude in a small flight time

interval centered at 2000 ¢&s.
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Figure $4. IS F flux angular distributions from [£Enim][TfoN], ds-Me-[Csmim][Tf2N], ds-im-
[Camim][Tf2N], and @&-[C.mim][TfoN] at incident anglesd, of 3¢, 45°, and 60°. All angulat
distributions have been scaled so the cartesian integral betive@0° andd: = 80° is equal to 1.

To account for fluctuations in beam intensity during and between experiments, the
IS and TD flx of HF and DF scattering products were divided by J'b — Q—. This

procedure assumes that cation deuteration doesgmifiantly alter the surface structure

of [Camim][Tf2N] or impact the dynamics of IS F. These assuongtare supported by
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the similar IS F flux angular distributions from4@im][Tf2N], ds-Me-[Camim][Tf2N], dz-
im-[Csmim][Tf2N], and @d-[Csmim][Tf2N] (seeFigure S4). No dissociative ionization
correction was applied to F, HF, and DF signals because mdicagt dissociative
ionization of HF and DRvas expected taccuf®.. No corrections for ionization cross
section or transmission efficiency weaapplied to scattered n{z= 19), HF (m/z= 20),
andDF (m/z= 21), assuch corrections are expected tosbeysmall across a-Bamu mass

range.

B. SeltConsistent IS and TD froimdependenExperiments IsotopeEffects in

the Production of IS HE and the Derivation of Site-specific Scattering Signals

Hyperthermal Fatom scattering experiments from the uidivacuum interface of
[Camim][TT2N], ds-Me-[Csmim][Tf2N], ds-im-[Csmim][Tf2N], and @d-[Csmim][Tf2N]
were carried out on different days unaéightly different experimental conditions. As

described irSLIILLA, the IS, TD, and LT fluxes of HF and DF desing products were
divided by, J'b — 'Q—to account for fluctuations in beam intensity. To demonstrate

the seltconsistency of this corrected data, reactive scattering signals that should be
equivalent were computed from independent experiments and compared.ar Line
combinations of reactive sttaring signals are expected to be equivalent if they probe the
same cation surface sitesTable S2lists the cation sites associated with HF or DF
scattering from the four [£nim][Tf2N] isotopologues. As seen kigure S5 the sum of

the IS HF flux anglar distributions from [@mim][Tf2N] and &-[C4smim][Tf2N] shows
excellent agreement with the sum of the IS HF flux angular distributions fgevied

[Camim][Tf2N] and &-im-[C4mim][Tf2N] (integrals differ by ~0.33%)Figure S6 shows
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that the IS DF flux angar distribution from e[C4smim][Tf2N] agrees very well with the
sum of the IS DF flux angular distributions from-Me-[Camim][TfoN] and &-im-
[Csmim][TT2N] (integrals differ by ~0.15%). Excellent agreement is also fonride TD
channel (not shown)The sum of TD HF flux from [@nim][Tf2N] and &-[Camim][Tf2N]
is 0.22% different from the sum of TD HF flux from-Me-[Csmim][Tf2N] and a&-im-
[Camim][Tf2N]. Similarly, TD DF flux from @-[Csmim][Tf2N] is 3.3% different fronthe
sum of TD DF flux from gMe-[Camim][Tf2N] and &-im-[Csmim][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 th&/ldof the DF
TOF distributions from gim-[Camim][Tf2N]; low S/Nhas a large impact on the ability to

fit the data to 0 0.
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Figure S5. At d = 45°, he sum of the IS Hflux angular distributions from [£nim][Tf,N] and d&-
[Camim][Tf2N] (red) shows good agreement with the sum of the ISfldik angular distributions from
ds-Me-[Camim][Tf2N] and &-im-[Camim][Tf2N] (blue).

However, it is important to note that this larger TD DF discrepancy does not have a large

impact on IS DF flux from gim-[Csmim][Tf2N]. From these observations, we can draw
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five conclusions. First, cation deuteration does notngtyo perturb liquidvacuum
interfacial structure. Second, cation deuteration does not have an observable impact on
integrated IS F signal. Third]l four [Camim][Tf2N] isotopologues have a liguihcuum
interface that is free from contamination. Fourthir experimental procedure is highly
reproducible. Fifth, secondary isotope effects are unlikely to be important for IS and TD

fluxes of HF andF products from the cation.
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Figure S6. At di = 45°, tie IS DFflux angulardistribution from g-[Csmim][Tf2N] (red) shows good
agreement with the sunf the IS DFflux angular distributions fromzeMe-[Camim][Tf2N] and &-im-
[Camim][TF2N] (blue).

As shown inTable S2 siteresolved scattering signals from the butyl, metagd
the ring can be obtained from specific reactive scattering signals from the deuterium
labeled variants of [@nim][TfoN].  Specifically, HF scattering signalrom ds-
[Camim][Tf2N] can be associated with HF scattering signal from the butyl group. DF
sattering signal from gMe-[Csmim][Tf2N] can be associated with DF scattering signal
from the methyl group. Similarly, DF scattering signal fraamnd-[Csmim][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
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Table &: HF or DF scattering signalfrom specific [Camim][Tf2N] isotopologuesoriginate from

specific locations on the cation and can be representedrasaadiombination of scattering signals fro
the cation butyl, methyl, and ring groups at the ligugduum interface. Note that HF or DF scatteri
signals can & 1S TOF distribtions, IS fluxes, TD TOF distributions, TD fluxes, or LT TOF distributiot

[Camim][Tf 2N] HF Scattering Signal from [Cymim][Tf oN] DF Scattering Signal from [C,mim][Tf ;N]
Isotopologue Isotopologue is Equivalent to: Isotopologue isEquivalent to:

HF Scattering Signal from Butyl +
[Camim][TfN] HF Scattering Signal from Methyl + N/A
HF Scattering Signal from Ring

DF Scattering Signal from Methyl +

ds-[Csmim][Tf,N] HF Scattering Signal from Butyl DF Scattering Signal from Ring
dx-Me- HF Scatteing Signal from Butyl + . .
[Camim][Tf2N] HF Scattering Signal from Ring DF Scattering Signdfom Methyl

HF Scattering Signal from Butyl +

Gsrim-{Camim][TF-N] HF Scattering Signal from Methyl

DF Scattering Signal from Ring

effects. Thesiteresolved DF/HF flux ratios can be used to investigate the presence or
absence of primary isotope effects in hyperthermaltdm reactive scaiting from
[Camim][Tf2N]. Unfortunately, theS/Nratio for HF and DF products from the ring was
too low to @mpute DF/HF flux ratios from thisite. The DF/HF flux ratios from methyl

are shown irFFigure S7. For both IS and TD, the DF/HF flux ratios franethyl are less
than one at alif, indicating that IS and TD reactive scattering from methyl was suppressed
by deuteration. Additionallyherelative magnitudes of tHeF/HF flux ratics from methyl
showdependencies afi that are not easy to interprétor impulsive scattering, the ZHF

flux ratio atdi = 45°is lower than the DF/HF flux ratio &= 30° and 60°.Unfortunately,

no relevant information on the magnitudedbdependence of hyperthermal reactive IS
scattering isotope effects was foundhe literature.For TD, the DFHF flux ratios atd; =

30° and 45arevery similar to the value of 0.B2eported byPersky°?for thermal Fatom

reactions withmethane at 298 K.Although Perskydoes not provide measurements at
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higher temperatures, extrapolatiortio¢ trends observed between 183 K and 298 K predict
a DF/HF flux ratio nea®.74 at 323 K.This value is in quartttive agreement with the TD
DF/HF flux ratio atd = 30°. Interestingly, of the three incident angles measured in this
study,d = 30°is associated with the highest IS HF cgstharacter and the smallest IS/TD
flux ratios. Given that these observadae positively correlated withaping probability,
the agreement between the TD DF/HF flux ratid at30°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 ati = 30°are dominated by pathways that invelreactions of trapped F
atomsin thermal equilibrium and subsequent desorption of &d-opposed t&-atom
reactions at hyperthermal collision energies followed by trapping and desorption of HF
The TD DF/HF flux ratioatdi = 60° is 0.3Q0whichis lower tharthe neaithermal values
observed alower di. At a larged,, direct abstraction of an intedial H atom is expected
to dominate the reactive trajectories that produce HFRe deviationat di = 60° may
thereforendicate that the majority of TD HF producetth this large incident angis the
result ofreactionpathways that form HF nonthermabigforeit lingers at the interface and
perhaps exchanges an H atom before desorbing thernhls/important to note thahe
IS and TD DF/HF flux ratios af = 60° do not approach the sahigh valuethat might be
expected for direct hyperthermal otians,which couldindicate that secondary reactions
complicate the isotope effect in the Tdbannel. Further research is necessary before
dynamical significace can be confidently assigned to the aitigipendent isotope effects

shown inFigure S7.
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Methyl DF/HF Ratio

1S TD
6,= 30° 0.82 0.73
0,= 45° 0.55 0.79
0,= 60° 0.91 0.30

Figure S7. Experimental characterizatiaf an isotope effect between HF and DF scattering from
methyl group at he liquid-vacuum interface of [€nim][TfoN]. For all three incident angles, n
difference in the IS HF and Difux angular distributionsould be resolved. To bodStN IS HF and DF
angular distributions werimtegrated before computing IS DF/HF ratio&s shown, DF flux from the
methyl group was computed from DlEx from ds-Me-[Camim][Tf2N]. HF flux from the methyl group
was computedrom the difference between HRix from de-[Csmim][Tf2N] and HF flux from &im-
[Camim][Tf2N].

The relations iMable S2and the isotope effects quantifiedFigure S7were used
to derive all siteesolved yield and angular distribution data from the raw TOF
distributions listed infable S1 Explicit procedures for these transformationsliated in
Tables S3 S4, andS5 Asdescribed above, tH&/Nratio for reactie scattering from the
ring was too low to obtain accurate estimates of the IS and TD Dikikifatios. InTable
S5 we assume that the DF/HF flux ratio equals one for IS and TD scattering from the ring
at alld. As the reactive scattering flux from thiag is much smaller than the reactive
scattering flux from butyl and methyl, this shoulot introduce much error in the analysis.
As noted inSl.1.B, the deuteration efficiencies at the C2, C4, and C5 positions of the
imidazolium ring were 89%, 93%, drB3%, respectively. A crude correction for this

incomplete deuteration was applied toatege scattering yields from the ring by scaling



o8
them by——— —. This correction assumes that DF scattering from the ring equally

samples the three CHibds. As shown iffable S1, scattering frontlz-im-[Camim][Tf2N]
was only investigateét d = 45° At this incident angle, Dscatteringfrom cs-im-

[Csmim][Tf2N] was used to compute sitesolvedS, TD, and LT scatterinfjom the ring.

100 15
F 450 Methyl > IS HF =IS DF / 0.55
: HF
95 | \/_ o i 104 ‘*‘.‘N Corrected for isotope effect
H y
[l
90 “"’J.*('V 5 Ring - IS HF approximated as IS DF
Butyl oteternaal a , |

Percentage of Total
IS HF Flux

— —— Lines: @ ® ® Circles:

Ring IS DF from .... Ring 1S DF from

Figure S8: Two mehods of computing relative IS HF yields from the butyl, methyl, and ring grouj
an incident angle off = 45°. The first method (shown with colored lines) uses IS DF frgimd
[Camim][Tf2N] to compute the relative IS HF yield from the ringhe secod method (shown with
colored circles) uses the difference between IS DF freiCgmim][Tf2N] and IS DFfrom d-Me-
[Camim][Tf2N] to compute the relative IS HF yield from the ring. The good agreement justifies th
of the second method when ¥ data fom d-im-[C.mim][Tf,N] areunavailable.

At di = 30° and 60°, the difference between &fatteringrom ds-[C4smim][Tf2N] and DF
scatteringrom c-Me-[Csmim][Tf2N] was used t@omputesiteresolved IS, TD, and LT
scattering from theing. Figure S8justifies this subtraction procedure by comparing both
methods atf = 45°. Although the indirect derivation of the IS HF flux percentage from
thering has more noise, the shape as a fonaf exit angle is in good agreement with the

IS HF flux angular distribution from the ring that was measured direEtiufe S8).



Therefore, directly and indirectly determined IS HF flux angular distributiams fne ring
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should have the same shapee¥able S5for additional details.

Table S3: Procedursused to derive siteesolved yield andangular distributioafrom the butyl group.
SeeTables S4andS5for the corresponding procedures used to deriveragelved yields and angula
distributions from the methyl and ring groups. Note that IS HF angular distributions from the butyl

arescaled so the Cartesian area betwéer20° andd; = 80° is equal to 1.

Row Scattering Signal Derivation of Scattering Signal
Elements of théutyl IS ) — from d-[C,mim][Tf,N] at & = 30°divided bythe Cartesian integral
1 HF angular distribution at J . . oo
d = 30° and exit anglé: ) — Q—from d-[Csmim][TfN] atd = 30
2 Butyl IS HFyield atd, = Caresian integral j — 'O—from ds-[Csmim][Tf,N] at of = 30° divided by the
30° Catesian integral ] — Q— from ds[Camim][Tf,N] at f = 30°
. ) 100% multigied by thebutyl IS HFyield atd, = 30°divided by the sum dhebutyl IS
3 | BublISHFrelative yield | e oy atqr = 30° themethyl IS HF yield atd; = 30°, ancthering IS HF yield atd =
percentage af = 30 30°
Elements of_th@ut _I IS ) — from &-[Comim][Tf.N] atd = 45°divided bythe Cartesian integral
4 HF angular distribution at J . . e
d = 45° and exit angle; J — Q—from d&-[Csmim][Tf,N] atd = 45
5 Butyl IS HFyield atd, = Cartesian integral j — 'O—from ds-[Csmim][Tf,N] at of = 45° divided by the
45° Cartesian integral JJ — 'O—from de-[Csmim][Tf.N] at ¢ = 45°
. ) 100% multiplied by théutyl IS HFyield atd, = 45°divided by the sunof the butyl IS
g | BublISHFrelativeyield | \\c oy a1 = 45° themethyllS HF yield atd, = 45°, andhering IS HF yield atd =
percentage af = 45 45°
Elements of_thd_aut _I IS ) — from &-[Cymim][Tf.N] atd = 60°divided bythe Cartesian integral
7 HF angular distribution at 3 ) . o
d = 60° and exit angldf J — Q—from da—[C4m|m][Tf2N] atd. =60
: Butyl IS HF yield atd, = Cartesian integral f — O—from ds-[Csmim][Tf.N] atd = 60° divided by the
60° Cartesian integral J)J — 'O— from dg-[Csmim][Tf,N] at df = 60°
Lo 100% multiplied by théutyl IS HFyield atd; = 60°divided by the sum ahebutyl IS
g | BublISHFrelative yield | \\cviolq a1 = 60° themethylS HF yield & d = 60°, andhering IS HF yield atd =
percentage atf = 60 60°
" Butyl TD HF yield atd} = Cartesian integral J)J — O—from ds-[Csmim][Tf.N] atdi = 30° divided by the
30° Cartesian integral of j — 'O— from dg-[C4mim][Tf.N] at &f = 30°
. . 100% multiplied by théutyl TD HF yield atd = 30° divided by the sum dhebutyl
11 | BulTD HFrelative yield | 75 e vielq atef = 30°, themethyl TD HF yield atd = 30°, andthering TD HF yield
percentage af = 30 atd = 30°
12 Butyl TD HF yield atd| = Cartesian integral j — 'O—from ds-[Csmim][Tf.N] at d = 45° divided by the
45° Cartesian integral of j — 'O— from dg-[C4mim][Tf.N] at f = 45°
. . 100% multiplied by théutyl TD HF yield atd = 45° divided by tle sum othebutyl
13 | BulTD HFrelative yield | 7p e ol atef = 45°, themethyl TD HE yield atd = 45°, andthering TD HF yield
percentage af = 45 atd = 45°
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Cartesian integral j — 'Q—from d-[C;mim][Tf,N] at d; = 60° divided by the

] — Q—from de-[C;mim][Tf.N] atcf = 60°

14 Butyl TD HF yield atd =

60° Cartesian integral of

100%multiplied by thebutyl TD HF yield atd = 60° divided by the sum ahebutyl
TD HF yield atd; = 60°, themethyl TD HF yield atd; = 60°, andthering TD HF yield
atd = 60°

Butyl TD HF relative yield

15 percentage af = 60°

Table $4: Procedursused to derive siteesolved yieldand angular disibutionsfrom the methyl group.
SeeTables S3andS5for the corresponding procedures used to deiiteerasolved yields and angula
distributions from the butyl and ring groups. The deuterium isotope effect correctionkifjora S7

are shown in redNote that IS HF angular distributions from the métitpup are scaled so the Cartesi

area betweed: = 20° andd; = 80° is equal to 1.

Row Scattering Signal Derivation of Scattering Signal
Elements of t_hmeth_ 1S ) — from d-Me-[Csmim][Tf,N] atd = 30°divided bythe Cartesianntegral
1 HF angular distribution at J , . Cmro
d =30° and exit anglef . ) — Q—from d-Me-[Cmim][Tf.N] atcf = 30
) Methyl IS HF yield atc; = | Cartesian integrai— j — Q—from di-Me-[C,mim][Tf,N] at d = 30° divided
30° by the Cartesian integral | )J — 'Q— from d3-Me-[C,mim][Tf,N] atd; = 30°
Methyl IS HF relative 100% multiplied by thenethyl IS HF yield atd; = 30°divided by the sum dhebutyl
3 yield percentage a& = IS HF yield atd; = 30°,themethyl IS HF yield atd; = 30°, andhering IS HF yield at
30° d = 30°
Elements of thenethylIS ) — from d-Me-[Camim][Tf.N] at ¢ = 45°divided bythe Cartesian integral
4 HF angular distribution at J , . o = 45°
d = 45° and exit anglek ) — Q—from &c-Me-[Camim][Tf2N] atdf = 45
L J . . o 4 s
5 Methyl IS HFoyieId atg,= | Cartesian mtegrals—w ) —J Q— from di-Me-[C,mim][Tf,N] at d = 45° divided
45 by the Cartesian integral ) — 'Q—from ds-Me-[C,mim][Tf.N] atd = 45°
Methyl IS HF relative 100% multiplied by thenethyl IS HF yield atd; = 45°divided bythe sum othebutyl
6 yield percentage af = IS HFyield atd, = 45°,themethylIS HF yield atd; = 45°, andhering IS HF yield at
45° d = 45°
Elements of thenethylIS ) — from d-Me-[C,mim][Tf,N] atd = 60° divided bythe Cartesian integral
7 HF angular distribution at 3 ot . ‘ .
d = 60° and exit angld} . 3 — Q—from dg-Me-[C4m|m][T 2N] atd =60
8 Methyl IS HF yield atdf = | Cartesian integraJS—W f — 'O—from ds-Me-[C;mim][Tf,N] at d = 60° divided
60° by the Cartesian integral f — 'Q—from ds-Me-[C,mim][Tf,N] atdi = 60°
Methyl IS HF relative 100% multiplied by thenethyl IS HF yield atd; = 60°divided by the sum ahebutyl
9 yield percentage af = IS HFyield atd = 60°,themethylIS HF yield atd; = 60°, andhering IS HF yield at
60° d = 60°
10 Methyl TD HF yield atd| Cartesian integra&b j — Q—from d-Me-[C,mim][Tf.N] at di = 30° divided
=30° by the Cartesian integral of ] — Q—from ds-Me-[Camim][Tf.N] atcf = 30°
Methyl TD HF relative 100% multiplied by thenethyl TD HF yield atd, = 30° divided by the sum dhe
11 yield percentage a& = butyl TD HF yield atd, = 30°, themethyl TD HF yield atd; = 30°, andthering TD
30° HF yield atd; = 30°
12 Methyl TD HF yield atd Cartesian itegraITw f — Q—from di-Me-[C,mim][Tf,N] at di = 45° divided
=45° by the Cartesian integral of ] — Q—from ds-Me-[Camim][Tf.N] atcf = 45°
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Methyl TD HF relative

100% multiplied by thenethyl TD HF yield atd = 45° divided by the sum dhe

13 yield percentage af = butyl TD HF yield atd = 45°, themethyl TD HF yield atd = 45°, andthering TD
45° HF yield atd, = 45°
14 Methyl TD HF yield atd; | Cartesian integrals—w f — Q—from d:-Me-[C,mim][Tf.N] at di = 60° divided
=60° by the Cartesian integral of f — 'Q—from ds-Me-[C,mim][Tf,N] at d = 60°
Methyl TD HF relative 100% multiplied by thenethyl TD HF yield atd = 60° divided by the sum dhe
15 yield percentage af = butyl TD HF yield atd, = 60°, themethyl TD HF yield atd; = 60°, andthering TD
60° HF yield atd, = 60°
16 IIEDI'e:mentsi Oféh?"_ztht_l L-tr 0 ¢ mmt i from di-Me-[Csmim][Tf,N] atd; = 30° divided by the Cartesian
angular distributiora . J . . R
o= 330 and exit angle integral of, ' — 'Q—from d-Me-[C,mim][TfN] at di = 30
. Cartesian integral JJ 0 ¢ 11t iQ—from ds-Me-[Csmim][Tf.N] atd = 30°
17 Methyl LT DF yield atd; = - N J . . _
30° divided by the Cartesian integral of )} — 'Q—from d;-Me-[C;mim][Tf2N] atd =
30°
g | dethyl LT DF relative 100% multiplied by thenethylLT DF yield atd; = 30° divided by the sum ahe
yieldp 30° gatd = methylLT DF yield atd; = 30° andthering LT DF yield atd, = 30°
" %'ime”tsl Oféh?],iﬂl_' '—I O ¢ TUTtTE from ce-Me-[Cmim][TFN] atd = 45° divided by the @rtesian
DF angular distributiora . . . T
d = 45 and exit anglef integral of, f — 'Q—from ds-Me-[Csmim][Tf,N] at df = 45
) Cartesian integral | D0 ¢ mrtniQ—from b-Me-[C,mim][Tf.N] at of = 45°
20 Methyl LT DFyield atd = o o 3 ) ) B
45° divided by the Cartesiantiegral of, }J — Q—from &-Me-[C,mim][Tf-N] atd =
45°
)1 “f':lg‘ L';(:Teft';“zfg"_e 100% multiplied by themethylLT DF yield atd; = 45° divided by the sum dhe
y P 45° gatd = methylLT DF yield atd; = 45° andthering LT DF yield atd; = 45°
- IIEDI'e:mentsi Oféh‘?ﬁﬂl_' L-tr 0 ¢ mTtTi from de-Me-[C,mim][Tf,N] atd; = 60° divided by the Cartesian
DF angular distributiora . J . . e
d = 60° and exit anglef integral of, ' — 'Q—from d-Me-[C,mim][TfN] at d = 60
. Cartesian integral JJ 0 ¢ 11t 1i'Q—from cs-Me-[Cqmim][Tf,N] atd = 60°
23 Methyl LT DFyield atd = o S 3 ) ) _
60° divided by the Cartesian integral of ) — 'Q—from d;-Me-[C,mim][Tf>N] atd =
60°
ot Methyl LT DF relative 100% multiplied by thenethylLT DF yield atd; = 60° divided by the sum dhe

yield percentagatd =
60°

methylLT DF yield atd; = 60° andthering LT DF yield atd = 60°

Table S5: Procedurs used toderive siteresolved yield and angular distributiafrom the ring group.
SeeTables S3andS4for the corresponding procedures used to deriverastalved yields and angula
distributions from the butyl and methyl groups. A crude correction factonédomplete deuteration o
the imidazolium ring is shown in blue. Note that IS HF angularildigions from the ring group are
scaled so the Cartesiarea betweed; = 20° andd; = 80° is equal to 1.

Row Scattering Signal Derivation of Scattering Signal
) — from d-[C4mim][Tf,N] at df = 30°divided bythe Cartesian inteal
Elements of theing IS HF f — Q—from d-[C;mim][Tf_N] atdf = 30°minus) — from c-Me-
1 angular distribution adi = J

30° and exit anglek

[C.mim][Tf,N] atd; = 30°divided bythe Cartesian integral
Me-[C,mim][Tf,N] at di = 30°. The resulhg angular distribution element is divided
by the Cartesian integral of the full angular distribution betveker2(® andd; = 80°

J — O—from ds-
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Ring IS HFyield atd =

Cartesian integrai— f — 'Q—from ds-[Csmim][Tf,N] at d = 30°divided by

the Cartesian integral )J — Q—from ds-[Csmim][Tf,N] at di = 30°minus the

2 o
30 Cartesian integral—_ f — 'O—from d-Me-[C;mim][Tf.N] at d = 30°divided
by the Cartesian integal | )J — 'Q—from d-Me-[C,mim][Tf,N] atd; = 30°
. . ) 100% multiplied by theing IS HF yield atd = 30°divided by the sum dhebutyl IS
3 | RinalSHFErelative yield | “\\r iy i = 30° themethyllS HEyield atd; = 30°, andhering IS HF yield atd,
percentage af = 30 = 30°
Elements of theing IS HF ) — from dw-im-[C,mim][Tf.N] atd = 45°divided bythe Cartesian integral
4 angular distribution adf = J . ) . .
45° and exit angle; ) — Q—from d-im-[C,mim][TfN] atd = 45
5 Ring IS HF yield atd = Cartesian integral—_ ]] — Q—from ds-im-[C,mim][Tf.N] at df = 45° divided
45° by the Cartesian integral f — 'Q— from dz-im-[C,mim][Tf,N] atd = 45°
. . ) 100% multiplied by theing IS HF yield atd = 45°divided by the sum dhebutyl IS
g | RinglSHErelative yield | e ol atqf = 45° themethyllS HFyield atd; = 45°, andhering IS HF yield atd;
percentage af = 45 = 45°
) — from ds-[Csmim][Tf.N] at df = 60° divided bythe Cartesian integral
Elements of theing IS HF j — Q—from d-[Comim][Tf,N] at f = 60° minus) — from d-Me-
7 angtsl;ar d&strlt_)tutlonlglf. = [C.mim][Tf,N] atd; = 60° divided bythe Cartesian integral JJ — 'Q—from d;-
and exitang Me-[C,mim][Tf,N] at df = 60°. The resulting angular distribution element is dividg
by the Cartesian integraf the full angular distribution betweeth = 20° andd; = 80°
Cartesian integral—_ f — 'Q—from dg-[Csmim][Tf,N] at d; = 60° divided by
8 Ring IS HFyield atd = the Cartesian integral f — 'Q—from ds-[Csmim][Tf,N] at df = 60° minus the
60° Cartesian integral—_ f — OQ—from ds-Me-[C,mim][Tf,N] at df = 60° divided
by the Cartesian integral f — 'Q—from ds-Me-[C,mim][Tf,N] atd = 60°
. . . 100% multiplied by theing IS HF yield atd = 60°divided by the sum ahebutyl IS
g | RingISHFrelative yield | “\\r ol at = 60°, themethyllS HE yield atd; = 60°, andhering IS HF yield atd|
percentage af = 60 = 60°
Cartesian integral— f — 'Q—from ds-[Csmim][Tf,N] at d = 30°divided by
10 Ring TD HF yield atd; = the Cartesian integral f — 'Q—from ds-[Csmim][Tf,N] at df = 30°minus the

30°

Cartesian integral—_ j — 'O—from d-Me-[C,mim][Tf,N] at d = 30°divided
by the Cartesian integral f — 'Q—from ds-Me-[C,mim][Tf,N] atd; = 30°
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Ring TD HF relative yield

100% multipliedby thering TD HF yield atd, = 30° divided by the sum dhebutyl

11 percentage af = 30° TD HF yield atd; = 30°, themethyl TD HF yield atd; = 30°, andthering TD HF yield
B atd =30°
12 Ring TD HF yield atd} = Cartesian integrai— f — Q—from ds-im-[Csmim][Tf.N] at f = 45° divided
45° by the Cartesian integral of )J — 'Q—from dg-im-[C,mim][Tf,N] at d = 45°
. . . 100% multiplied by theing TD HF yield atd, = 45° divided by the sum ofhe butyl
13 R'gelEnTang'Ye435"f'd TD HF yield atd| = 45°, themethyl TD HF yield atd = 45°, andthering TD HF yield
- atd =45°
Cartesian integral—_ f — 'O—from dg-[Csmim][Tf,N] atd = 60° divided by
14 Ring TD HF yield atd; = the Cartesian integral 33 — 'Q—from ds-[Csmim][Tf,N] at df = 60° minus the
60° Cartesian integral—, ] — Q—from d-Me-[Camim][Tf,N] at f = 60° divided
by the Cartesian itegral J) — 'Q—from d-Me-[C,mim][Tf,N] atd; = 60°
. . ) 100% multiplied by theing TD HF yield atd, = 60° divided by the sum dhebutyl
15 | B o gy | TDHE yield atd = 60°, themethylTD HE yield atcf = 60°, ancthering TD HE yield
- atd =60°
—. 0 ¢ T T from d-[C.mim][Tf.N] atcf = 30° divided by the Cartesian
16 DEFIeamngm;rodfitsrt]ﬁt:jJtilc_)%at integral of, f — 'O—from ds-[Csmim][Tf,N] atd; = 30° minus—. o}
d = 30° and exit angle} ¢ Tt Tt from ds-Me-[C,mim][Tf2N] at d = 30° divided by the Cartesian integral o
] — Q—from d-Me-[Camim][TF.N] atdf = 30°
Cartesian integral— JJ 0 ¢ 1t iQ—from d-[Csmim][Tf.N] atdf = 30°
Ring LT DF vield atd divided by the Cartesian integral of f — Q—from &-[C;mim][Tf,N] atd = 30°
Ing | i =
17 30): minusCartesian integl —_ ,° 0 ¢ T Tt i Q—from c-Me-[C,mim][Tf2N]
atd = 30° divided by the Cartesian integral of JJ — Q—from ds-Me-
[Csmim][Tf.N] atd; = 30°
18 Ring LT DFrelativeyield | 100% multiplie by thering LT DF yield atd = 30° divided by the sum ahemethyl
percentageatd = 30° LT DFyield atd = 30° andthering LT DF yield atd, = 30°
Elements of théing LT | ¢ ¢ 711t it from ce-im-[Csmim][Tf2N] atdf = 45° divided by the Cartesia
19 DF angular distributiorat

di = 45° and exit anglek

integral of, f — 'O—from c-im-[C,mim][Tf,N] at d; = 45°
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. . Cartesian integral— JJ 0 ¢ 1t i'Q—from d-im-[C,mim][Tf,N] atd =
20 Ring LT DFyield atd = o o 3 ) ] )
45° 45° divided by the Cartesian integral of ) — ‘Q—from dy-im-[Cmim][Tf.N] at

G = 45°

Ring LT DFrelativeyield | 100% multiplied by theing LT DF yield atd = 45° divided by the surof the methyl

21 percentagatd; = 45° LT DFyield atd = 45° andthering LT DF yield atd, = 45°

—. 0 ¢ mtri from ds-[Comim][Tf,N] atdf = 60° divided by the Cdesian

Elements of theing LT . J . . - A .
29 DF angular distributiorat integrdof |} — 'Q—from d-[Camim][Tf2N] atd = 60° minus—. o]

d; = 60° and exit anglef ¢ Tt i from di-Me-[C,mim][Tf2N] at df = 60° divided by the Cartesian integral o
. ) —©—from d-Me-[Camim][Tf,N] at df = 60°

Cartesian integral— JJ 0 ¢ 1t i Q—from d-[Csmim][TfN] atdf = 60°
) ) divided by the Cartesian integral of f — Q—from d-[C.mim][Tf.N] atdi = 60°
Ring LT DFyield atd = ) o T ) ;
23 60° minusCartesian integrat— ;0 ¢ T 7t T{'Q—from di-Me-[C.mim][Tf,N]
atd = 60° divided by the Cartesian integral of j — Q—from d;-Me-
[Cqmim][TF.N] atd; = 60°

Ring LT DFrelativeyield | 100% multiplied by theing LT DF yield atd = 60° divided by the sum ahemethyl

24 | " percenageatd = 60° LT DF yield atd = 60° andthering LT DF yield atd = 60°

C. Molecular Dynamics Smulations Classical and polarizable molecular

dynamics (MD) simulations were used to model thesf@m][Tf2N] liquid-vacuum
interface br comparison witlexperimendl scattering dataAll classicalMD simulations
were performed with GROMACS 2018% The Canongia Lopes and Pau@LAP)
additions to the OPL®A forcefield were used to describe all intramolecular and
intermolecular interactions of liquid @im][Tf2N]2%42%,  All parameter typographical

errors in  the  original CLAP publicatio®§  were  corrected.
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Figure S9. Torsional potential energy surfaces for the:NJf SNSC dihedal angle. A SISC dihedral
angle of 0° corresponds to this configuration. Each PES was constructed from 36 independent
or MM potential energy calculations prepared by constraining one SNSC dihedral angle to ¢
constraining the other SNSC dilratito a valudetweeri 180° and +170° in 10° increments, arthxing
the remaining degrees of freedom to an energy minimum.

Updated OPLSMA torsional parameters for the CCCC, CCCH, and HCCH dihedfals
were used in place of the values reported in the original ©FA Publicatiort®®. To
verify the correct implementation of the CLAP forcefield, torsional potential energy
surfaces for the [EN]' SNSC dihedral Rigure S9) and the [@Gmim]" CCCC dihedral
angle Figure S10 are comparedo quantum mechanical predictioeemputed with
ORCA 4.0.1.2%at the same level of theory used to derive the CLAP forcefield parameters.
The procedure to model the4@im][Tf2N] liquid-vacwm interface was similar to
that wsed in previous publicatiohs® and was accomplished in two phases. In the first
phase, a maa of the liquid bulk was constructed, equilibrated, and analyzed. P&kmol
was used to pack 640 ion pairs into a rectangularagfitwith a minimum atoratom
distance of 2 A. This initial structure was theraxeld using steepest descent energy
minimization under 3D periodic boundary conditions until the largest cartesian force

component on any atom was smaller than 100 kJ*moit! (p& ¢ p m N atom?).
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Figure S10. Torsional potential energy surfaces for tharfi@n]* CCCC dihedral angle. A CCC(
dihedral angle of 0° corresponisthecis configuration. Each PES was constructed from 36 indepen
QM or MM potential energy calculations prepared by constraining the CCCC dihedral angle to ¢
betweeri 180° and +170° in 10° increments and relaxing the remaining degreesdufrfrée an rergy
minimum.

Following energy minimizationfandom velocity components consistent with a liquid
temperature of 323.15 K were assigned to all atant the molecular dynamics were
propagated for 1 ns under NPT conditions with all charges set toTzante(S6, step L
The resulting structure was then propagated for 1 ns undecodtRiltionswith all charges
set to 10% of the value specified by the CLAP forceff{@lable S6, step 2 Next, an NPT
simulated annealing procedure was carried out witbratiges set to the values specified
by the CLAP forcefield(Table S6, steps &). 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 Noddoover thermast (Table S6, steps 7 and)8 The
final frameof this NVT simulation wasised to launch a 60 ns NPT trajectory with a Nose
Hoover thermostat and ParrinelRahman barostdTable S6, step ® The final 30 ns of
this NPT trajectory yieled a bulk densityof 1.4791 g cri#, a [Cymim]* self-diffusion

constantok& p m m?s?, and a [TiN]' seltdiffusion constantob8 p m m?’s
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! These values are in reasonable agreement with experimental measurements: 1.4162 g
cm?® for the bulk densitft!, @& p m m? s! for the selfdiffusion constant of
[Camim]*?L, andu® p 11 P st for the selfdiffusion constant of [BN]'?*L. Note that
the bulk density predicted by our CLAP simulations is in excellent agreement with the
interpolaed prediction of 1.46 g cfhat 323.15 K obtained from prior simulation work
with the CLAP modéf®. Also, diffusion constants obtained from classical molecular
dynamics simulations of ionic liquids are often found to be significantly smaller than those
measured experimentatly. This discrepancy is consistent with the results obtained here
and may result from themission of electronic polarization effects in classical MD

simulationg,

Table $6: Selected settings for the molecular dynamics simulations used to prepare a model of the
vacuum interface of [€nim][Tf2N]. All steps apply 3D periodic boundary conditions (PBC), CH bc
constraints, and smootRarticleMesh Ewald (PME) longrange electrostatics with"6order charge
interpolation. The relative strength of the Ewadthifted potential at th€oulomb cutoff was set to 1T .
When two reference temperatures are specified, the simulation linesmigolatesbetweenthe two
temperaturesacross the duration of that stejmitial coordinates for step 1 were obtained from the fii
coordinates of a steepest descent energy minimization. Initial coordinates for step 10 were prepa
a snapshotf the coordiates fom the step 9 trajectory at a simulation time of 30 ns. This raw shaj
was edited to make molecules that are broken across the PBC unit cell whole, to extemdsioé the
PBC unit cell by a factor of 3, and to center the tasmliquid skb in he PBC unit cell. For all othe
steps, initial coordinates were obtained from the final coordinates of the previous step.

Maximum Time
Step | Charge Barostat Settings Thermostat Settings | PME grid | Cutoffs Duration
i step
spacing
Method:
Method: " )
Berendsen Velocity Rescaling
0% Reference Pressure Reference
1 Temperature: 0.08 nm 1.5nm 1fs 1ns
CLAP 1.01325 bar
; . 323.15K
Time Constant: . .
1ps Time Constant:
P 0.2 ps




108

. Method:
Method. Velocity Rescaling
Berendsen
10% Reference Pressure: Reference
' Temperature: 0.08 nm 1.5nm 1fs 1ns
CLAP 1.01325 bar
i . 323.15K
Time Constant: . )
1ps Time Constant:
0.2 ps
. Method:
Method. Velocity Rescaling
Berendsen
100% Reference Pressure: Reference
' Temperature: 0.08nm | 15nm | 2fs 1ns
CLAP 1.01325 bar
i . 323.15 to 50K
Time Constant: : \
1ps Time Constant:
0.2 ps
Method:
Method: ! )
Berendsen Velocity Rescaling
100% Reference Pressure: Tel_\:sfeerri\rtlsriy oosrm | 1smm | 21 -
CLAP 1.01325 bar 5F’00 e . .
Time Constant: ) )
1ps Time Constant:
P 0.2 ps
Method:
Method: ! )
Berendsen Velocity Rescaling
100% Reference Pressure: Reference
' Temperature: 0.08 nm 15nm | 2fs 1ns
A 032 b 500 to 323.15 K
Time Constant: h 9
1ps Time Constant:
P 0.2 ps
Method:
Method: ! ]
Berendsen Velocity Rescaling
100% Reference Pressure: Reference
' Temperature: 0.08 nm 15nm | 2fs 2ns
CLAP 1.01325 bar
; . 323.15K
Time Constant: ) ]
1ps Time Constant:
P 0.2 ps
Method:
Method: ! )
Berendsen Velocity Rescaling
100% Reference Pressure: Reference
' Temperature: 0.12 nm 12nm | 2fs 1ns
CLAP 1.01325 bar
; . 323.15K
Time Constant: ) i
1ps Time Constant:
0.2ps
Method:
NoseHoover
100% Reference .
CLAP None Temperature: 0.12nm | 12nm | 2fs 10 ns
323.15K
Time Constant:
3ps
Method:
Method:
ParrinelleRahman NoseHoover
100% Reference Pressure: Reference
' Temperature: 0.12 nm 1.2nm 1fs 60 ns
CLAP 1.01325 bar
; . 323.15K
Time Constant: ) ]
1ps Time Constant:

3ps
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Method:
Velocity Rescaling
100% Reference .
10 CLAP None Temperature: 0.08 nm 1.5nm 2fs 1ns

323.15t0 500 K
Time Constant:
0.2 ps

Method:
Velocity Rescaling
100% Reference .
11 None Temperature: 0.08 nm 1.5nm 2fs 1ns

CLAP
500 K
Time Constant:
0.2 ps

Method:
Velocity Rescaling
100% Reference .
12 CLAP None Temperature: 0.08 nm 1.5nm 2fs 1ns

500 to 323.15 K
Time Constant:
0.2 ps

Method:
Velocity Rescaling
100% Reference .
13 CLAP None Temperature: 0.08 nm 1.5nm 2fs 2ns

323.15 K
Time Constant:
0.2 ps

Method:
NoseHoover
100% Reference .
14 CLAP None Temperature: 0.12 nm 1.2nm 1fs 30 ns

323.15 K
Time Constant:
3ps

In the second phase, a model of thenin][Tf2N] liquid-vacuum interface was
constructed, equilibrated, and analyzed. Initial coordinates for a valeguidvvacuum
slabsystem were prepared by extracting a snapshot of the bulk production run tyajector
(Table S6, step Pat 30 ns, extending theaxis of the PBC unit cell by a factor of 3 and
centering the liquid slab in this new unit cell. These initial coordinates subjected to

an NVT simulated annealing procedure with all charges set to thesvapecified by the
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Sphere Drop Method

Before Probe Sphere Contact After Probe Sphere Contact

Figure S11. Demonstration of the sphedzop method for gantifying the [Gmim][Tf,N] atoms exposed
to vacuum in a vacuwtiquid-vacuum slab configuration. All three periodic boundary condition (Pl
unit cells shown have an identical configuration of liquid atoms obtained from a snapshotajétierty

from step 9 inTable S6at 30ns. Liquid atoms are represented as hard Van der Waals spheres wit
velocity and radii equivalent to half of the Lenndiehes sigma parameter from the CLAP forcefield.
closepacked sheet of probe sphereshwirne= 00735 nm were initialized in the unit cell 2t Zpax

with a negative velocity in thedirection or aiz= 0 and a positive velocity in thedirection. Interface
atoms are defined as all liquid atoms that experience adpduete collisiorwith a pobeatom. For
clarity, only probe spheres and interface atoms associated with the uppewr#iquidm interface of the

slab are shown.

CLAP forcefield Table S6, steps 1:4.3). The final coordinates of the simulated annealing
procedure were used to taeh a 30 ns NVT trajectory with [doseHoover thermostat
(Table S6, step 11 The final 20 ns of this WT trajectory yielded a surface tension of
34.4 mN mt when long range dispersion corrections were applied. Although long range
dispersion correctiorare not formally correct for thenisotropic liquidvacuum interface,

the computed surface tension compares favorably with the experimental value of 31.92 mN
m?' at 323.15 R* The final coordinates of this NVT trajectory are used as initial
coordinates for a polarizable cesbell molecular dynamics simulation with parameters

specifically developed to augment the rmolarizable CLAP model with an eleohic
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Figure S12. Mapping cation conformations thdtdft) expose at least one methyl atom to vacuun
(Right) expose at leane butyl atom to vacuunBoth plots are azimuthalgveraged 2D histogram:
where cation conformations are quantified with the andjlgs, anddsuyi. duvetnyl is defined as the angl
between surface normal and theO\Nvector where C ithe methyl cebon. deuy is defined as the angle
between surface normal and the vectdneen the first butyl methylene carbon and the last butyl me
carbon. Cations that expose butyl atoms to vacuum can be qualitatively described as oriantitigyih
group rearly antiparallel to surface normal and the butyl group nearly paralletfeceunormal. The
broad and bimodal conformation distribution for cations that expose methyl atoms to vacuum is al
in Figure S14 Each histogram is a simpéaim of all céions detected bgpplying the sphere drop methc
to 100 trajectory snapshatgparated in timby 0.1 ns.

degree of freedot*'%. These polarizable MD simulations were executed with a branch

of GROMACS 2016 that implements a dilabrmostat extended Lagrangian algorithm to
efficiently approximate the dynamiad the coreshell system on a Bor®ppenheimer
potential energy surfat®. All non-hydrogenatoms 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 mohm? harmonic force constant. The chas on each
coreshell particle pair were deed from atomic polarizabilitiéd! and the requirement

that the pair of charges sum to the atom charge specified by the CL&gPdtat. Thole
functions with a coefficient &.6 were used to screen intramolecular coulomb interactions
between corahell pairs separated by one or two bonds. One-Nog&er thermostat was

applied to all shell particles to maintain a temperaturékaf A second Nosé&loover
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180
[C,,mim]+ Methyl [C,‘mim]+ Butyl i o
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to Vacuum to Vacuum IL
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Figure S13. Mapping cation conformations that€ft) expose at least one methyl atom to vacuurnr
(Right) expose at least one bugtiom to vacum. Both plots are 2D probability distributions that ha
been corrected for azimuthal averaging. Cation conformations argifipd with the angledveny and
deuyi. dwvethy iS defined as the angle between surface normal and-Beséttor where C ighe methyl
carbon. dsuwy is defined as the angle between surface normal and the vector between the firs
methylene carbon and the last butyl methyl carbon. Cations that expose butyl atoms to vacuun
qualitatively described asrienting themethyl group nearly antipallel to surface normal and the but
group nearly parallel to surface normal. Phebability distributiongor both methyl and butyre scaled
by a single constango the sum of all bin amplitudes in both plstequal to 1

thermostat was applied &l 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 guoegpublished by Paut!d Long
range \an der Waals interactions were included with a PME method. The PME method
was also used to include longnge electrostatics with a correction term for slab boundary
conditions. After energy minimizatip the system was equilibrated by propagating all
paticles 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 modeirtolude ion polarization dramatically
increases thenobility of [Camim]* and [TEN]2%2 In the slab interior, [@nim]* has a

diffusion constant ofy® p m m? sect and [TEN] has a diffusion constant of
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Figure S14. Cluster analysis of cation conformations that expose at least one methyl atom to v
Cluster membership was assigned with a 1000 iteratime&ns calculation with two classes and rand
initial class assignment. 35% cation confomations that epose methyl group atoms to vacuum &
assigned to a cation population that can be qualitatively described as orienting the methyl grou
parallel to surface normal and the butyl group nearly antiparallel to surfacelndrhngaremaimg 65%
of caticn conformations that expose methyl group atoms to vacuum are assigned to a cation po
that can be qualitatively described as orienting the methyl group nearly perpendicular to surface
and the butyl group nearhapallel to suface normal.

@& p 1 m?sect. These nmbers 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 bkl Also, the surface tension was determined to be 32.7 mN
m™ and is also in excellerigreement with the experimental values provided earlier. As
shown inFigure S11, The atoms accessible to vacuum were quantified by analyzing static
snapshots of the eaumtliquid-vacuum slab unit cell with the sphere drop methbdA

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 atsthkelp
probe access crevices that are large enough to accommodate the probedel@med

with the hexagonal lattice of the initial clepacked sheet. Approximating the surface area

of each interface of the slab with the area of the xy esesfonof the periodic boundary



114
condition unit cell, the surface number density of thiylbmethyl, 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 surfacepmsition and structure is well

equilibrated.

D. LT DF Scattering fromMethyl andtheRing. As described in the main text, the

relative flux of the LT channel cannot be quantifieecause the relationship between
product velocity and flight time is unkmn. In this study) 0 was analyzed directly

by monitoring the average TCGdmplitude in a small flight time interval centered at 2000
€ sOnly LT DF signalavere analyzed because these products priginatefrom reactive
eventswith deuteragdvariantsof [Csmim][Tf2N]. ThelLT signals for F and HF may have
contributions fromresidual F atomsor HF (from Fatom reactions with residual
hydrocarbons on the vacuuchamber wallsYhat effuseslowly from the atomiebeam
source chamber and then geaeither inelastically or reactively from thiguid interface
many hundreds or theands of microseconds aftbe pulsed hyperthermal beam reaches
the liquidvacuum interface It is also conceivable that LT F, HF, and DF signals could
arise from sucessie scattering events on different surfaces in the apparatus before
reaching the dettor in the rotatable mass spectrom&tehs seen irFigure S15 the LT

DF TOF amplitude angular distribution froda-[Csmim][Tf2N] shows good agreement
with the sum of the LT DF OF anplitude angular distributioa from d-Me-
[Camim][Tf2N] and ds-im-[Csmim][Tf2N].  The equivalence of these two angular
distributionsdemonstrates the satbnsistency of the data collected from three independent

experiments on three different liqusenples Note that the LT DF TOF amplitude angular
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distributions from methyl and the grappear to peak near the surface normal and are well
described by a cod 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 sitspecific scatteng dynamics.Our analysis indicatebat therelative
LT DF yields from methyl andhe ring vary dramatically with incident angle: abk
increases from 30° to 45° to 60° the ring accounts~&%%, ~50%, and~75%,
respectively, of the nebutyl LT DF yield from the cation. This behaviorgsalitatively
different from that of the IS and TD HF reaction channEigure 3), suggestinghat the
LT DF signal is mechanistically distinct. The dynamical behavior of th®EBignal is
most consistent with acattering pathway that couples balliséimbeddingf the F atom
beneath the outermost regiah the liquid-vacuum interface with Ftom abstraction
beforethermalized df usionof HF to the interface and degioninto vacuum. Therefore,

it is possibleghatthe LT DF signalis a specific reprter ofthe average structure just below

=== + H
cos(8;) + Constant F\:;ﬂ-é o, 4 DF

80 " - T ]
® o G-.___. L

2000 ps) / Arb. Units
w
1

dg-[C,mim][Tf,N] * o

=y
A

dy-Me-[C,mim][Tf,N] +
d-im-[C,mim][Tf,N]
0 I I T I I
40 5 20 3 50 65 80

6; / Degrees

NPr(t

Figure S15. Analysis of LT DF TOF amplitudes && 2 0 0 O Figuse 2)( Atef e 45°, the LT DF
TOF amplitude angular distribution frong-fCsmim][Tf2N] shows good agreement with the sum of t
LT DF TOF amplitude angulatistributionsfrom ds-Me-[C.smim][Tf2N] and &-im-[C.mim][Tf2N].
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theliquid-vacuum interface. As F atoms wahower d are expected to penetrate deeper,
the strong increase in LDF signal from the ring relative to methyl with inaség d;
suggests that the ring is closar averageo the vacuum than the methylnterestingly,
this is consistent with the dominant cation conformation observed in our polarizable MD

simulations.

E. CosineCharacter inSite-Resolved IS HFFlux AngularDistributions The IS

HF flux angular distributions from the cation butyl andthyl sites primarily differ in the
relative amplitude of a scattering process wittogds) angular distribution.Figure S16
demonstrates that the methyl IS HF flux angulstrdbution at eacli may be fit well with
a linear combination of the buty® IHF flux angular distribution @&t and a co&k) function.
The fit is excellent ath = 30° and 45°. Ath = 60°, the IS HF flux angular distribution
from methyl is ~3° broder and ~6° shifted toward lowedrthan predicted by the fit. Itis
possible that these minor discrepancies only arisei at 60° because they are a
consequence of the smaller translasibenergy component normal to the interface or the
larger averagempact parameter for grazing incident angles. Alternatively, these
discrepancies may only appear to arisefat 60° because this incident angle has the
smallest amount of c($) characer, making it easier to resolve differences between the fit
and themethyl IS HF flux angular distribution.

In contrast to the incider@ingledependent differences between the IS HF flux
angular distributions from the butyl and methyl sites, the IS HFd&hgular distributions
from the methyl and ring sites are similar & = 45° and 60°. As shown figure S17,

the IS HF flux angular distribution from the ring &t= 45° can be fit with a linear
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Figure S16. At d = 30, 45, and 60, the IS HRlux angulardistribution from the methyl group can b

fit by a linearcombinationof the IS HF flux angulardistributionfrom the butyl group and a cof&f)
function.

combination of the IS HF flux angular distribution from methyl amd<d) function. At
this incident angle, the IS HF #wangular distributions from the methyl and ring sites are
nearly identical, resultinop a fit with a low cogk) component. At di = 60°, a similar fit is
complicated byhelow signatto-noise(S/N ratioand the appearance of poorly resolved,
sharp fetures in the IS HFlux angular distribution from the ringboved: = 15°. These
sharp features may be the result of rainbow scatféfjngut the poorS/N precluds a
detailed analysis that could confirm this suppositiBestricting the fit to angles beladv
= 15°, the co&k) component has smallweight of 7%. Also, when comparing the IS HF
flux angular distribtion from the ring to its fit (lower right panef Figure S17), nochange
in the width or position of theroadsignal envelopaboved: = 15° can be resolved.
Together, FigsS16 andS17 demonstrate that the IS HF flux angular distributions

from the butyl group are neither as broad nor as peaked tahaidterfacial normal as
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Figure S17. (Top) At d = 45°, the IS HF flux angular distribution from the ring (green symbols
lines) can be fit by a linear combination of the IS HF flux angular distribution from the methyl grou
a cos(k) function. Bottom) A similar fit atd; = 60° is used to demonstrate that the IS HF flux ang!
di stribution peak from the) r4 n@. 3 dmetl tyy la pip

the 1S HF flux angular distributions from methyl atie ring atdi = 60°. This pattern
correltes well with the sitelependent trends in IS HF ¢d§ character and in the IS/TD

HF flux ratio. Specifically, at all incident gles, the IS HF flux angular distributions from
butyl have less cddr) content and a higher IS/TD HF flux ratisegSI.ll .F) than those

from methyl or the ring, which have similar ¢d&¥ content and similar IS/TD HF flux
ratios. As discussed in the maext, it is likely that additional collisions before or after

the reactive event are responsible for all three trends. Thus, the dynamical behavior of
hyperthermal reactivatom scatterig can be used to characterize the local environment of
specific clemical groups at the liguidacuum interface by the probability of secondary

collisions of the probe atom or the reactive product. These secondary collision signatures
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provide a new and ugue metric of local interfacial structure that is highly completaugn
to measurements that attempt to quantify the relative number density of different chemical
groups accessible to vacuum at the ligusduum interface. At the liguidacuum
interface & [Csmim][Tf2N], reactive scattering from butyl is associated wigwer
secondary collisions than reactive scattering from methyhering. 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 S16shows that the magfude of the IS HF cddf) componenthat needs to
be added to the IS HF flux angular distribution from butyl to bring it into agreement with
that from methybecreases with increasidg The precise origin of this trend is currently
unknown. Howeverthis trend is inconsistent with any mechanism that depends
significantly on Fatom collisions with liquid atoms before reaching the reaction $ite.
such amechanism re important, it isreasonable to assume that the difference in
scattering trajectorgath length from sites that have different positions relatittegtiquid
bulk would be an important parametemtrolling relative ca&k) character Increasingf
should increase this trajectgogth lengthdifference which should increase the relative F
atom collisionprobability and the relative magnitude of any IS HF ddsfomponent
formed bysubsequent reactive events. This prttl trend is the reversetbfat shown in

Figure S16

F. IS/TD HFFux Ratios IS/TD HF flux ratioscontain informationraboutthe

pathways that lead to HF formation at specific sitesgeneral, TD HF products can be

produced by ij F-atom reactionsat hyperthermal energies followed by trapping and
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desorption of HF orii() reactions of trapped-&oms in thermal equilibrium and subsequent
desorption of HF. Given the high reactivity of thermal F atoms, TD HF products produced
by patway (i) may still be produced close tthe initial collision site. Under this
reasonable assumption, the sisolved IS/TD HF flux ratios should reflect the branching
between HF direct scattering and F or HF trapping neanitiied collision site. Given that
F and HF trapping must be mediated by ksibn-induced dissipation of excess
translational and internal energy, the sisolved IS/TD HF flux ratios should be inversely
correlated with indicators of the extent of F or HF secondary collisions. Decrefgng
expected to result in lower defon angles { p Y T1— —, higher average
collisional energy transfers, and recoil directions with a higher probability of secondary
collisions with other liquid atoms. Indeed, as showiliable S7, the sie-specific IS/TD
flux ratio increases wittdi, especially for butyl, where secondary collisions are least
probable. Also, as discussed in the conteligdire 4 and in sectiosl.11.E , siteresolved
flux angular distributions suggest that IS HF scattgrirom the methyl and ring sites
involves mae 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 scatteringjectories where secondary collisions are

Table S7: IS/TD HF flux ratios from the butyl, methyl, amiohg sites as function ofdi. Note that the
absolute magnitude and range of these numbers is somewhat arbitrary and related to our conve
quantifying the IS and TD flux (Cartesianegrals of each angular distribution betweles 20° andd;
=80°). Howeverrelative trends are meaningful. Skables S3S5for details on the calculation of 1¢
and TD fluxes.

di 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. CationlnversionRatio. As described in the main textiesresolved reactive-F

atom scatterindgrom the liquidvacuuminterface of [Gmim][Tf2N] at 323 Kimpliesthe
existence of at least two distinct cation configurations atitjugd-vacuuminterface: a
dominant population associated with cation configurstiovhere the butybroup is
exposed to vacuum and the metlgybupis not andone or moreminority populatios
associated with cation configurat®mvhere the methyroup is exposed to acuum
(Figure 4D). Note that the current experiment does not prodetiled information on
the environmentof the butyl groupfor cations in a minority configurationlf several
assumptions are made, the cation inversion ratio can be estimated friote-tbsolved IS

HF flux percentage data shownkigure 3A. Specifcally, it is usefulto assume that)(
cations at théquid-vacuum interface only exist in majority or minority configuragof)
cations at théquid-vacuum interface in a minorigonfigurationeitherdo not expose butyl

H atoms to vacuunor do notsignificantly contribute to the population of vacuum
accessible butyl H atom§ii ) thelS HF yield from butyl groups accessible to vacuum is 3
times greater thatine IS HF yield from nethyl groups accessible to vacuum) @ll butyl
groups at théiquid-vacuum interface contribute equally to the observed IS HF yield, and
(v) all methyl groups at thiquid-vacuum interface contribute equally to the observed IS

HF yield. Given these aumptions,

C

ov

V)

kY

C
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where0 is the percentage of cations in the majority configuration, is the
percentage of cations in minority configurapn is the IS HF flux percentage from
the butyl group, and is the IS HF flux percentage from the methyl gro@iven
that0 0 p T,TO and0 can be calcuaited from the ratio
R (seeTable S§. The variation o ando with di may be a consequence
of higherorder scattering phenomena neglected in this analysis (e.g.arsitencident
angle dependent owuff-plane scaering). Averaging over the three incident angles studied,
0 x P 1t RNdD x ¢ Tt BThis purely experimental estimatef is
in good agreement with the results air golarizable molecularythamics simulation in
SLII.C. In this simulationthe methyl groups are approximately 17% of the total number

of butyl and methyl groups accessible to vacuum

Table S8 Quantities used to estimatg, ;o: ; #3905 n: oal the liquid-vacuum interface of
[Camim][Tf2N] at 323 K.

d |If|\<> < m |Ifﬂ.<|cl R ”’ﬂ%_ >« ||'JJ_|-u 3 R
30° 91 7.6 12 80% 20%
45° 89 9.5 9.4 76% 24%

60° 93 5.5 17 85% 15%
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SCATTERING-ANGLE RANDOMIZATION IN NONTHERMAL GAS-LIQUID

COLLISIONS

Abstract

Our ability to characterize the physical and chemical propertiegasfiquid
interfaces is limited by the information content of surfasensitive methodsDynamical
observablesfrom gasliquid scattering experiments are sensitite liquid-vacuum
interfadal structurebut remain difficult to interpret without the aid efmulaton. In
paticular, the interpretation of subtle changes in flux angular distributions is
underdevelopgrelative to the information content of this observabWe present a new
analysis of published data on noble -g&sm scattering from three low vapgressure
liquids (squalang perfluoropolyetherand liquid galliuny in high vacuum. Our analysis
suggsatsthat, at a fixed incident anglé, the shapes of flux angular distributions collected
under a variety of conditions appear to have a simple relationship. Specifi@i)Iy
Ay () f c2A ¢ o) swheredk is the final angle of thecattering producf,andg are any two
flux angulardistributions, ana: andc; are constantsAlso, the relative cos) character
of total flux angular distributions fronthe liquid-vacuum interfaces oftwo liquids,
squalane and perfluoropolyetheappears to be independent of gas identity dnd
suggesting that this metric is an intrinsic property of the liquid .padthough more
research is neededheexperimentatlatacurrently availablesuggest thatos(k) character

in total flux angular distributionds a result ofscatteringangle randomizatn from
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multiple-collision scattering trajectories induced by atosgale corrugation at the liquid

vacuum interface.

Introduction

Gasliquid interfaces are ubiquitoand expansiven nature The total surface area
of t he Eaisapproxsnatly 868 anitlien knf, the total surface area of small
dropl ets of | i g uiislapproximaely da thilidrskm andthetstad h e r e
surface area of the epithelium lining fludd lung alveolis approximately 150 ffor each
of the 7.7 billion hmans on Eartf'®?'’ Despite themassive scalef these important
interfaces,the physical and chemicgropertiesof gasliquid interfaces are poorly
understood largely becauseof experimenth difficulties in probing the structurally
dynamic gasliquid interface Although scanning probe microscopy methods have
revolutionized the study afolid surfacessimilar imaging techniquesre unable tprovide
high-quality information on liquid interfaal structure. Depending on the nature of the
liquid and its gadiquid or liquid-vacuuminterface, several spectroscopic options exist for
probing liquid interfacial structue (e.g., sunrirequency generatigt®?'® X-ray

220 neutron reflectivity??! etc.) However differences irsensitivity,interfadal

reflectivity,
specificity,and limitationson what can beoncluded from the experimental data make it
diffi cult to develop a consensus on all but the most dramatic features of-ligoiaim
interfacial structure. Although new methods for studyigasliquid or liquid-vacuum

interfacial structurecould aid our understandingadvances in the ability to interpret

currently availablelata may be just aseful
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Atomic and moleculabeam scatteringxperimentsin which acollimated beam of
particlesis directedat the liquidvacuum interface antthe properties of scatted products
(e.g., product identity, velocitgtistribution,flux angular distributionbranching between
mechanistically distinct scatteringathways etc) are monitored provide a powerful
means to characterize ghiguid interactions under wetlefined conditions. In certain
situations,gasliquid scattering experimentsave providediseful information on liquid
vacuum interfaial structure® 81 However, the ability to infer interféd properties from
gasliquid scattering dynamics somewhatimited by the complexily of the scattering
trajectorieghat contribute téhe detected flux Gasliquid scattering dynamics depend on
the chemical and physical properties of figuid-vacuum interfacendthe incident gas
(mass, size, gdquid interaction patntial, incident translational energy, incident angle,
etc.) Althoughatomic beariquid scattering experiments have a wedfined incident
angle with respect tthe interfadal normal, uniform samplingf gas positiorin the plane
of theinterfaceas vell asthermal fluctuations of the interface create an immense number
of distinct collision sites Depending on the nature of the initial collision site, one or more
subsequenatomliquid collisions may occur before treomscatters from the surfate
the detectar This physical complexitycan becompounded by technical or practical
limitations of the experiment For example, it is common testrictmeasurements to a
subset of the full range of4planefinal anglesnstead of the full 3D hemispheabove the
macroscopically flat liquiedracuum nterface Thus, the extraction ahterfacespecific
information fromexperimental data on gdiguid scattering dynamics benefits from the

development, verification, and application of models that can igethé essential
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chemistryand physics of the amplex and ofterincompletely characterizeatomliquid
scattering distribution.

The development of models for the interpretation of experimentalhdatdeen
extremely successful in advancing the utilityatfmic beamliquid scattering experiments
as an analytical probe of liguitchcuuminterfadal structuret > 36 222 For example,
experiments have confirmele validity ofhard and softsphere modsilthat predictthat
average fractional translatiahenergy transfeR[ K1 6E:Q)/CE 6 wheredEdand e
are the average incident and final translational enengiepproximatelyindependent of
Ei andonly dependenbn the deflection angle = 180°1 (di + df).> 36 Not only is this
helpful in reducing the number of measurememisded to characterize gaguid energy
transferas a function of scattering geometparameters of the hardnd softsphere fits
canprovide informatioron how the surface contributes to the scattering dynajemnesgy
absorbed by the surface and #ffective surface massYnfortunately the hardand soft
sphere fitting parameters are dependent on the identity of the in@tlensand are
difficult to relate to surface structure withoinput from simulation®® As a second
example a thermallydriven harmonic oscillator modédas been successfully used to
guantify the impact of atomiscale surface corrugation on the intensityspéculaly
scatteed nolbe gases- 22> However there has been no effort to quantitatively describe
changes in the shape of flux angudatributions Thisgoal is attractivdecause it is well
known that flux anguladistributions arenore sensitive teamall changes in the nature of
the ligud-vacuuminterfae than for example,average fractional translational energy

transfer data & 18! In an effort to lay the initiafoundation for a quantitative model of
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flux angular distribution$rom gasliquid interfaces weapply a new analysis fmublished
data on noble gaastomscattering fronthe liquid-vacuuminterfaces of three low vapor
pressure liquids. To a good approximatithe shape of flux angular distributions
collected at the santk only appear to differ in the relative amplitudeagfosk) function
that is typically associated with thecatteringangle randomized behavior of thermal
desorption The relative cosk) charactebetween total flux angular distributioffdm a
pair of low vapor pressure liquids is found to be roughly independedtarid incident
atom identity. Theseobservationssuggestthat cos() characterin total flux angular
distributions is a result of the increased importance ofpiane, scatteringangle
randomized, multipleollision scattering trajectories induced hyomicscale surface

corrugation.

Methods

Experimental details are availablethe publications in which the dataenefirst
presented ° Briefly, the majority of the data ahaed in this study wrecollected with
the use of a crossed molecular beams apparatus configutehfatiquid scatterilg. The
molecular liquids studiedrashown inFigure 1. A schematiaiagramof the molecular
beamscatteringapparatus is shown Figure 2. Continuous, gpersonic beams of Ne, Ar,
or Xe seeded in He orHveredirected at a contirally-refreshed liquidvacuuminterface
thatwasprepared by rotatingwheel through a temperatucentrolled liquid reervoir and
scaping the resulting film to @niform thicknes$®® The incident angl¢d) of the beam

with respect to interfaal normalof the liquid film wascontrolled by rotating the liquid
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/I\/\/l\/\/l\/\w Squalane (C;oHgz)

F—ECF(CFg)—CFz—O CF,CF; Krytox 1625 Perfluoropolyether (PFPE)

(n)~27

Figure 1. Molecular structures and common nameshaf two low vapor pressure liquids studie
Squalane (2,6,10,15,192@&xamethyltetracosane) is a saturated hydrocarborKeytdx 1625 is a
perfluoropolyether abbreviated as PFPE.

reservoir. A chopperwheel attached to a rotatable mass speatemwas used to
modulate the products that entered the mass spectroméiereldtivenumber density of
theatoms that scattedfrom the liquidvacuum interfacevas quantifiedas a functiorof

(1) thefinal angle withrespect to interfaal normal ofthe liquid film (df) and(2) theflight
time, t, from the chopper wheel tthe electron bombardment ionizer inside the mass
spectrometer These number density distributionslso known asN(t) or TOF
distributions;e.g., sedrigure 3) were converted to flux distribution($(t) = N(t)/t) ard
integrated to obtain the total scattered flux as a functiah diVhen the TOF distribution

of scattered productsontains a peak or shoulder that is consistent with a Maxwell
Boltzmann(MB) velocity distribution at the temperaturetbe liquidanda flux angular
distributionthatis proportionalto a cos¢k) function, theorigin of this peak orshouldercan
beassociated witthermal desorption (TD)An incident atonthat follows aTD pathway

is expected tdoseessentiallyall 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 beforeghermal motions of the liquid eject thecident atom
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Chopper Wheel

Source Chamber

Rotatable Mass
Spectrometer for
ProductDetection

Figure 2: Configuration of the beafsurface scattering machine used to collect thearathe molecula
liquids that wereanalyzed in this studyA supersonic source was used to produce continuous beal
Ar (6EiG6= 80 or 71.5 kJ md), Xe (6Ei6i= 185 kJ mat), and Ne(cEia= 29 kJ mol), seeded in Hor He.
Specific beams were directatithe liquidvacuum interface of squalane or PFPE prepared by a rota
liquid reservoir. Number density distributioasinelastically scattered Ar, Xe, or Ne were recorded
a function of flight time from a chqyer wheel to the electron bombardmiemizer of the rotatable mas
spectrometer (30.3 cm). The incident andlewas controlled by rotating the liquid regeir. The final
angle,d;, was controlled by rotating the mass spectrometer.

back intothevacwm. As shown inFigure 3, any component of the TQdistribution that
appears at flight times that are tslortto be assigned agD is typically associated with
impulsive scattering 8), becausethe corresponding nonthermadelocity distritution
implies alimitednumber of collisions thahe incident atoms can undergo befecattering
back into the vacuumAt superthermal incident energiele aissignmenof scattering as
IS is typically supportedby confirming that (1) th@resumedsS flux angular distibution
is lobular andhas a maximum away from the surface norr{@),the average fractional
translational energy transferthie presumed ISrpductsqualitatively follows haresphere
scattering trends, and (3) the maximum value of the ISHUB ratio increases as

increases.Typically, these observations support the conclusion that IS trajectories have
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Figure 3: Representativaumber density distribution as a function of flight time (also referred ftas
time-of-flight, or TOF distribution) for inelastically scattered AE{= 71.5 kJ mat) from the liquid
vacuum interface of PFPE dt= di = 45°. Notehat this TOF was collected using the experimental set
shown inFigure 2. Adapted with permissn from reference 1. Copyright (1997) American Chemi
Society.

one or few highlylocalized collisionsat the liquid-vacuum interfacial region bfore

scattering back intthevacuum.

Resultsand Analysis

In this study,we quantitively explore the differences betwesperimentallux
angular distribution®f scattered atomsollected undedifferent conditions It is first
helpful to establish a convention for comparing flux angdiatributions Figures 4-10
displayintegrated flux angular distributions for nrogactive scatteringf Ne, Ar, and Xe
from squalane PFPE and liquid gallium. With hyperthermal incident energieBux
angulardistributionsof scattered produstcan bebroad and asymmettiwith shallow
maximafor in-plane forward scatteringt small valuesf di. Broad angular distributions

can make it difficult to identify, compare, and scale the maximum values of total and IS
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flux angulardistributions. Also, geometric constraints in the beamface scattering
machine showin Figure 2 prevent the collection of #plane scattenigflux across the full
180° range ofinal angles from the liquiddacuum interface. To make it easier to corapa
the shapgof flux angular distributions under thesenditions, all traces iRigures 410
have been scaled to make the Cartesian area betive@®° and 60° equal tone This
region of interest has been highlighted iaygin Figures 4-10. All fits are constructed
from a linear combination of an arearmalized cogf) function and an areaormalized
total or IS flux angular distribution.

As described in detail belowpur analysis demonstrates that flux angular
distributions collected under anety of conditions with a commahappear to be related
by a simple rule: the aresormalized shape of any specific flux angular distributi(dh),
can be reasonably well approximated with a linear combination of any other area
normalized total flux angular distributiog(dr), and an areaormalized functiom(ds) = A
cos(k) whereA is the normalization constanfThis relationship can be writteasf(ck)  a
c1A(dh) + coA(dk). The flux angular distributions representedftgnd g can always be
selected sthe coefficientx: andc, are boton-negativeandc: = 17 c.. In this situation,
the value otz can be defined asquantitativemetric of therelative cos(k) charactefor f
andg. In generalf andg will depend on several experimental analysisparameters
includingthe identity of the incident atom, the incident anglejdleatity of the liquid, the
temperature of the liquid, thdentity of the scattexd product(same as the incident atom
for nonreactive scattering)and thedynamical nature of the flux (e.g., IS or total)

However, when comparing angular distributions, focus on pairthat onlydiffer in one
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targetparameter(e.qg., liquid identity) while all othgrassiveparametersre held constant
In general, the relativeos(k) character trends for different target parametens probe
different chemical and physical properties of the-lgfsd scattering systems being
studied. For clarity and brevitywe identify therelativecos(k) charactefor f and gby the
parametersf f andg using the notatiod#/Ty(P1[ V1], P2[V2], P3[V3], )évhereT;is the
target parameter dhe flux angular distributiorf, Ty is the flux angular distribution of
target parameteg, P; is thei passiveparameter, an¥ is the value of thé" passive
parameter Thus, the relativecosg) character for PFPEjualane(atofiAr], di[457,
Tiq[298 K], flux[total]) refers toa specific value o> necessary to bring the total flux
angular distribution for Ar scattering from a 298 K squalaaeuum interface af = 45°
into good agreement ti the total flux angular distribution for Ar scattering from a 298 K
PFPEvacuum interface af = 45°.

Figure 4 shows total flux angular distributions for inelastically scatteredo&f(
= 80 kJ mot) from the liquidvacuum interface of PFPE asguahneatd = 45° and 65°.
By plotting the total fluxFigure 4is free from complications associated with decomposing
TOF distributions with multiple componentsAlthough it is common and often well
justified to partition gasliquid scattering TOF distriltions into component TOF
distributionsthat correspond to IS and TD, it is an approximation to assume thytsall
liquid scatteringcan be accurately describdy these twoidealized pathways. For
example, simulation studies caution that the decompasifi prompgasliquid scattering
trajectories into IS and TD components is simpli&ti: 46 768 Additionally, at some

valuesof di + d;, overlap betweethe TOF peaks that are associated with IS and TD can
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Figure 4: Flux angular distributions for the atering of Ar {EiG= 80 kJ mal) from the liquidvacuum
interface of PFPE and squalanedat 45° and 65°. At both incident angles, the total (IS + TD) fl
angular distribution from PFPE can be fit with a linear combination of the total flux angular distrik
from squalane and as(h) function. This figure presents a new analysis of data originally publishe
King et al®

make separation difficult. Within theesssumptiorthat associateall gasliquid scattering

as either 1Sr TD, the total flux angular distributions shownFkigure 4 are expe&d to

be a superposition of a cdg(shapefor TD and an IS flux angular distribution that is, in
principle, dependent on the speciietailsof the scattering evesit Previous experimental
work has avoided detailed analysis of IS flux angdiatribuions from liquids because

they are expected to be extremely complex on physical grounds. Specifically, IS flux
angular distributions should depend on thelgasd interactionpotential which will vary

with the identity of thencident atonmand the atormexposed to the vacuum at the collision
site. Although studies that combine experiment and simulation are more capable of
providing atomistic insighinto the nature of IS from the liquidacuum interfacé*
agreement between experiment and theory isg&tilerally coarseesgecially for reactive

scattering?®
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Figure 5: Flux angular distributions for the scattagiof Ne ¢£i0= 29 kJ mof) from the liquidvacuum

interface of PFPE and squalanadat 45° and 65°. The tatdux angular distribution from PFPE ca
be fit with a linear combination of the total flux angular distribution from squalane anddg éarsgtion.

This figure presents a new analysis of data originally published by King et al

The purely experimental alyais inFigure 4 demonstrates that the total (IS + TD)
flux angular distribution for inelastic scatterinfAr from PFPE can be fit with a linear
combinationof the total flux anguladistribution for inelastic scattering of Ar from
squalane and a ca$) function. This fitting procedurdescribes the angular distributions
well for di = 45° and 65°. Although the TD compongot the total flux from both liquids
are expected tchavea cosk) angular distribution, the IS componsmf the total flux
argular distributions arexpected to differ foisqualaneand PFPE. This expectation
originates from the localized andterfacespecific nature of IS combined with the
radically different chemical natwseof squalane and PFPE. The total flux angular
distributions show no evidence of a difference that cannot be described by arog(lar
distribution. Thisobservation is surprising, especially whée total flux at each pair of
d andd; is partitioned into IS and TD fluxFor bothd anglesand for everyd shown in

Figure 4, the IS flux is larger than the TD fl§gpecificvalues not shown)At final angles
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Figure 6: Flux angular distribution$or the scattering of Neid= 29 kJ mot) and Ar(6Eid= 80 kJ
mol?) from the liguidvacuum interface of PFPE dt= 45° and 65°. At both incident angles, the to
flux angular distribution from Ne can be fit with a linear combination of the total flux angular distrib
from Ar and a cosf) function. This figure pesents a new analysis of data originally published by K
et al’

greater than or equal to 50°, the IS fluxiere tharthree times larger thahe TD flux. If
the IS fluxangular distributioirom squalane hdlarge differences in shape that were not
proportional to a cosf) fundion, they should be visible as deviations from the fit.
However, the experimental data show no dramatic deviafimm the fit across all
measuredinal angles(di = 16° to 70%or di = 45° andds = -4° to 70° ford = 65°).

In Figure 5, wedemonstragthat this behavior is not unique to theidentAr atom:
the total flux angular distribution for inelastic Ne scatter{ti§d= 29 kJ mof) from PFPE
can be fit with a linear combination of the total flux angular distribution for inelastic
scattering ® Ne from squalane and a ca$) function. Again, thisfitting procedure is
successful atf = 45° and 65°. Tw@ointsare particulagf noteworthy. First, there is no
evidence in the literature the undergoesitrued trappingdesorption at liquiekacuum
interfaces. Specifically, &periments that scatter Ne from a ligddcuum interfacevith

superthermal or neahermal incident energiei not produca distinctcomponent of the
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Figure 7: Flux angular distributions for outf-plane (OOP) inelastic scattering of AE{G= 92 kJ mal

1y from the liquidvacuum interface of liquid Gallium (G@ with di = 55°at Tiiy = 308, 436, and 586 K
The signed OOP scattering angle is denoted Withd is defined as follows. 4plane scattering{= 0°)

directs Ar atoms along a unit vectdrwith di = 55° in a plane defined by the incident beam ¢
macroscopic intéacial namal defined by the unit vectér. OOP scatteringdi O0A) dir e
along a unit vecto®in a plane defined bpand® £. The magnitude of the OOP scattering angle
given by £ AT O®3H. The figure onthe left demonstrates that the total flux OOP angu
distribution afT;q = 436 K can be fit with a linear combination of the total flux OOP angular distribL
atTiqg = 308 K and a cosJj function. Similarly, the figure on the righethonstrates thahe total flux

OOP angular distribution &, = 586 K can be also be fit with a linear combination of the total flux C
angular distribution aTjq = 308 K and a cogjj function. This figure presents a new analysis of d:
originally published by Manimg et a? Note that this data was nobllected on the beasurface
scattering machine shown in Figure 2. For a description of the apparatus, see the original refere

total TOF distributionthat can be weltlescribed with a1B velocity distribution at the
temperature ofhe liquid?® This is typically rationalizedo be arestt of the small mass,
size, and polarizability of the Ne atorVithout a clear experimental signature of@F
distribution consistent with #B velocity distribution at the temperature tbfe liquid
surface, it is difficult to claim thatome fraction oNe atoms trap and thermally equilibrate
at the liguidvacuum interface before desorbing into vacuwith a cos¢f) angular
distribution Although classical molecular dynamics simulations of Ne scattering from a
sel- assembledmonolayer (SAM) system observe bimodal translational energy

distributions,the lower energy peak is only welescrbed by a MBdistribution at a
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Figure 8: Flux angular distributions for the impulsive scatterinfjAr (6Eid= 80 kJ mot) from the

liquid-vacuum interface of PFPE and squaland at45° and 65°. At both incident angles, the IS fli
angular distribution from PFPE can be fit with a linear combination of the IS flux angular distrik
from squalane anda@s(h) function. This figure presents a new analysis of data originallyghaua by

King et al®

temperature much higher than the temperature of the intéffd€e’?® Also, in these
simulations, the MRlistributionis dominated by singkeollision trajectoriessupporting
claims that trapping andhermal equilibration may not occur fdte scattering from
qualitatively similar systems like Ne from squal&he® 222 Despitethis agarent absence
of i t r tragpigdesorptionfFigure 5 provides a new andt@resting observation that the
total flux angular distributions of inelasticalégattered Ne atoms from PFPE agdalane
aredominaed by a difference in ca$f character Because cos¢k) angular distribution
is indicative of scatteringngle randonzation, the emergence of a ad¥s(angular
distribution is a necessary but insufficient criterion for thermal desorpti®acond,
Figures4 and5 demonstrate thdahe cos(k) characteof the total flux angular distribution
from PFPE relative tthatfrom squalane is insensitive i, the identity of the incident
atom and the specifinyperthermakE; used The invariancetrongly suggests that relative

cos(k) character may be an invariant, intrinsic property of any pair of liquid interfaces. In
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Figure 9: Flux angular distributions for the impulsive scattering of &%;d= 80 kJ mot) and Xe {Eic
= 185 kJ mof) from the liquidvacuum interface of PFPE dt= 45° and 65°. At botmtident angles,
the IS flux angular distribution from Ar can be fit with a linear combination of the IS flux anc
distribution from Xe scattering from PFPE and a dy$gnction. This figure presents a new analysis
data originally published by Kingt al®

this respect, relative codj character may be ew and valuable methdd characterize
liquid surfaces. If the structural or dynasatiorigin of relative cosf) character can be
identified,it may be possible to decouple measurements that probe thegedscattering
dynamics from commonly variable parameters of é&xgeriment in orderto access
properties of the liquid surface structunere directlyfor comparison with simulation
Although Figures 4 and 5 demonstrate an interesting invariance of teiative
cos(k) character between PFPE astpialanewith respect tancidentatomidentity, it is
important to notethatthe total flux angular distributions for Ne and Ar scattering from
PFPE differ atf = 45° and 65° For examplefrigure 6 demonstrates that te scattering
(CEi6= 80 kJ mott) andNe scatteringdEid= 29 kJ mot) total flux angular distributions
from PFPE differ ati = 45° and 60°. However,the total flux angular distribution for
inelastic scattering ofNe @©Eid = 29 kJ mof) from PFPE carbe fit with a linear

combination of the total flux angular distribution for inelastic scattering obBa€ 80 kJ
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Figure 10: Flux angular distributions for the impulsive scattering of &= 71.5 kJ mol) from the

liquid-vacuum interface of PFPE dt= 65°. Data for two liquid temperatures (280 K and 359 K)

shown. The IS flux angular distribution from 359 K PFPE can be fit with a linear combination of 1
flux angular distrilntion from 280 K PFPE and a cdg(function. This figure presenta new analysis of
data originally published by King et &f.

mol?) from PFPEand a cosf) function. Thefitting procedure is fairly successful dt=
45° and 65°.Again, as observed with the lar pairs of total flux angular distributions in
Figures 4and5, the relative cosk) characteis relatively insensitive to incident angle.

It appears as if the relativ®s k) character metric may be usefuldascribing out
of-plane (OOP)scatteringas well As shown irFigure 7, higher liquid temperatures result
in a highercos(}) character in the total flux OO&ngular distributions for inelastic Ar
scattering 6Eia= 92 kJ mot) from liquid Gallium(note that tesedat& werenot collected
on the instumentshown inFigure 2). Thustherelative cosg) charactemetric may not
belimited to inplaneflux angulardistributions from molecular liquids amday be useful
in relatingtotal flux OOP angular distributionsHowever, note that the liquid Figure 7
has a mass density and surface tensionishaduch larger than typically observed from

molecular fluids composed of nonmetallic elements with low atomic numhgts< 6.10



150

g cmi* andlica = 720 dynes crhnear the melting point at 303 K)

The relationship between the IS flux angular distributionsAfoscattering from
PFPE anaqualands examined directly ifFigure 8. The ISAr flux angular distribution
from PFPE can be fit with a linear combination of thétSlux angular distribution from
squalaneand a cogf) function This fitting procedurés alsoreasonablysuccessful adf
= 45° and 60° Although theseparation othe scattereflux into IS and TDcomponents
is expected to be imperfect for the reasons descebddkr, IS flux angular distributions
from PFPE and squalane do not differ by more than akgdafiction. The total flux
angular distributins inFigure 4 are qualitatively similar to the component IS flux angular
distributions inFigure 8, confirming that IS dominates the overall shapehaf &angular
distributiors at hyperthermal incident energies. However, as expectedpthleflux
angular distributions are mordampedtoward a cosf) function because the TD
component of the total flux is wetlescribed by a codf angular distribution Although
the relativecosk) characterfor PFPE/squalane(atgar], Tiq[290 K], flux[total]) is
approximately independedt, the relative cosf) charactefor PFPE/squalane(atgér],
Tiig[290 K], flux[IS]) appears to decrease with increasing inciéege. A similar trend
is seen when comparing Ar and Xe IS flux angular distributions from PFPEFifaae
9). The IS Ar flux angular distribution from PFPE can be fit with a linear combination of
the IS Xeflux angular distribution from PFPE and a @@Bsfunction. Again, this fitting
procedure is reasonably successfubath measured| angles andthe relative cosf)
character between IS Ar and IS Xe decreases with incredsidg observed in the total

OOP flux angular distributions shownkigure 7, thecosgk) character of théS in-plane
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flux angular distribution from PRPalso increases with temperature (Begire 10). The

fit is excellent ovean ~75° interval offinal angles atf = 65°.

Discussion

As demonstrated abovehe relative cos() characterfor total flux angular
distributions collected frolRFPE and squalarappeas to be independent of the identity
of the incidentatom its incident energy, and its incident anglEhis invariancestrongly
suggests that relative cdg(character is an intrinsic property of these two liguiBlecause
flux angular distributions thaére proportional to a ca$j function are indicative of
scatteringangle randomization, we hypothesize timitinsic structuraifferences inthe
corrugation of the liquidvacuum interfacesre responsible for generating this relative
cos(k) charactein the total flux angular distributions from PFPE and squaladiough
the TD component of the total flux is walescribed by a pure caf function, the
comparison ofigures 4 and8 suggest that the relative codf) charactebetween PFPE
and squalanis notentirely the result aflifferences in thamplitude of tha@' D flux angular
distributiors from the pair of liquids. Therefore, itappears as if thdS flux angular
distribution is a superposition bi/o distinct components: oribat iswell-described by a
cos(k) angular distribution and secondhat is not This conclusion isonsistent withthe
findings of several previous géiguid scattering stdiesthat havenotedand interpreted
the presence of a lovenergy peakd ‘O , in the translational energy probability
densitydistributionfor nonthermal scattering ‘O . In a study monitoring noble gas

scattering fromliquid metals,Nathanson found thal O is in good quantitative
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agreement with twosequentialand identicallarge deflectiorangle collisions that

222 |n a different

ultimately direct the incidenatom along theobserved finalangle
experiment® nonthermal F atoms thacatterednelagically from a fluorinated silicon
surface ¢Ei6 = 544 kJ moh) also showd the presence of 0 O component.
However, given the largeincident translational energies used in this experiment, the
authors clairad that the two large délection-angle collisionsproposed by Nathanson
would not be able to remove enough translational enémgy the incident atorto match

the 0 ‘O observedin the experiment Becausethe scattering associated with

0 O was observed to havfl) an average energy that depends weakly on the
deflection angleand(2) aflux angular distribution that is similar tocas(k) function, he
authors proposed a more complex, multiphdlision explanation ford O but
conceded that no model was currently availabfgéeide a quantitative explanationtoe
location anl structureof this peak A more recent experimental study monitoring reactive
and nonreactive scattering of 8] (EG& 5 0 0 “YKrdm thediduidvacuum interface

of squalane, -butyl-3-methylimidazolium  tetrafluoroborate 1-octyl-3-
methyimidazolium tetrafluoroborate  and tdodecyt3-methyimidazolium
tetrafluoroboratelsoobserved lowenergy peakin thenonthermal inelastic scatteg of

O atoms'®! The authors of this study introduced ampirical algorithm for separating

0 0O from0 'O . Using this separation procedure, kbv-energy peak was again
found to have an average energy that depends weakly on the deflection angltuand a
angular distribution that is similar to a cd¥(function. Unfortunately, the uiity of this

method is limited by the lack of a compelling justification for thactional form of
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0 O . The relative cosf) method avoids decomposition of the nonthermal scattering
opting instead to look fadifferenesbetween lux angular distributions. T method is
robust because it is based on the walbwn and weljustified flux angular distribution
for scatteringangle randomizatiothat is commonly associated with T[However, it is
important to notehat the flux anglar distribution for TD can deviate from a cdi$&hape
when trapping is dependent dror when there is a barrier &mlsorptiondesorptiont 2°

When applied tecattering ohyperthermahtoms the data analysis procedure and
its underlying asumptions shdd accountfor the groupingof nonthermal scattering with
cos(k) and norcosk) flux angular distributions under the common label of IS. As
described in the Methods section, the dynamical attributes of the themchalbbnthermal
scattering provide suppiofor 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 capebkectlydescribed as a
binary sum of ditinct and mechanisticalyure 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 thessumption 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 dd cos(
angular distribution. Because there is no analytical expression footiteermalTOF
distribution, nonthermal scattering is isolated by subtracting the MB fit from the total TOF

distribution. Without a functional form for the nonthermBOF distribution, the
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subtraction groups all nonthermal flux under the IS laBelhyperthermalE;, individual
collisions ofan incidentatom with an atom or a small group of atoms at the ligaclum
interface are only able to absorb a fraction of the incident &amisél energy. Thus, one
or more collisions of the incident atom agtimterface may randomize the direction of the
atombeforecompletely dissipating its excess translational enefgys logic suggests that
nonthermal but scatteringnglerandomizedemissioncan be viewed as a trapping
intermediate that would continue poogress toward thermal equilibrium if this process
were not truncated by abrupt scattering into the vacuum.

The trend in relative cosf) character as a function of surface identgyrface
temperatureand incidenatom typeprovideinsightinto the origin of this phenomenon.
As demonstratedn Figures 410, relative cos(f) character in total flux angular
distributions increasdrom squalane to PFPE, Ne to Ar,cAiower to highertemperature
The surface tension of PFP& 290 K is 18.9 mN rhand the surface tension of squafine
at 295 K is 29.1 mN rh Thus,lower surface tensiois correlatel with a higher cosf)
character. The correlation between lower surface tension and higbs() characteliis
consistentvith previousgasliquid scattering experimesibn liquid metalswhere lower
surface tension metals were observed to saabee broadly with lowergecular intensity
because low surface tension liquids are more corrugated, even on atomic length®¢ales
Temperature dependent changes in the I8 rangular distribution from PFPE are also
consistent withthe observed positive correlation between surface tension and) cos(
charactet ?° Increasing the temperature results in a decreate surface tensiowhich

should resultn an increasef atomicscalecorrugation of the liquisvacuum interfacef
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PFPE The connection leeen surface tension and atorsiale corrugation has an
excellent foundation that was developed in a seriex@éranental studies afoble gas
scattering from liquid metal surfaces as a function of temperatéfé In these
experiments, the scattering daé@e quantitively consistet with a thermallydriven
harmonic oscillator mode(HO) for atomicscale corrugation at the liquidvacuum
interfaceand an assumed powlaw relationship between specular scatigiimensity I,
and surface corrugation @ | (). Thesestudiesclearly demonstrate that the poviéis
very close tol (an inverse relationship between specular scattering intensity and-atomic
scalecorrugationat the liquidvacuum interface suggesting that this simpleO model
may accurately capture thdeeant physics in the gdgjuid scattering experiments. The
dependence of ca$) character on the identity of the incideatom can also be
convincingly rationalizechsa consequence of gace corrugation.Ne scattering from
PFPEis associated with a higher cd§(character thair scattering from PFPE The
increased relativeos(k) characters unlikely to be the result of differences in the average
fractional translational energy trsfierR[  0EG- cE:Q)/cEiafor Ne-PFPE collisions relative
to Ar-PFPE collisions. Increagsg the number of scattering trajectories that are able to
dissipate enough translational energy to trap at the hegaodium interfacevould be
expected to increage Indeed,Ris often podively correlated with TD flux. However,
scattering trajectories that fail to trap at the liguadtuum interfacenay still contribute to
the nonthermal scattering flux with a cd$@ngular distribution. Thus, there is nasen
to believe that the cafj component of the total flux would depend on differenices

fractionalenergy transferlt is more likely that Ne scattering from PFPE is associated with
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a higher cogf) charactr than Ar scattering from PFPE because fiédénces in the size
of the atoms. Neand Ar havevan der Waals radof 1.54 and 1.88 Arespectively?*
These radii correspond tespectiverosssectional areas of 7.45 and 112 A is possible
that smaller atosare more sensitive to smallgrale corrugations in the repulsive wall of
the gadiquid potential energy surfacdf an increase in the efféve corrugation of the
surface is correlated with an increaseosk) character, then this explanation is consistent
with experiment As discussed abovehd most plausible mechanism farpositive
correlation between atomacalecorrugationat theliquid-vacuum interfacandrelative
cos(k) charactein angular distributionsf scattered product fluls based on the relative
number of trajectories where the incideftbm undergoes more #m one collision with
atoms at the liquidvacuum interface.An increase in the number of multiptellision
trajectories should simultaneously increase the flux ofplane, scattering angle
randomizedemissionand decrease the flux of trajectoriesolving only one or a few
collisionsthat are preferentially sdated as an uplane, neaspecular IS peak. The net
effectof an increas@ multiple-collision scattering trajectories an increase of the caof§(
character associated with the corresponding IS or total flux angular distribution.

The observatiorthat the relative codf) character between squalane and PFPE is
independent off adds insight intéhe naturef theinterfaceprobed ingasliquid scadtering
experiments First, becausef changes the relative flux of IS and TD, thdependence of
the relative cosf) charactemith respect tal may reflect the extreme surface specificity
of thecollisional events that lead to IS and trapping. digmificant amount of subsurface

penetratioroccurs for IS otrapping everg one would expect this penetration to depend
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on the component o that is perpendicular to the surfacand thus,d. Increased
penetration of thatombeyond the undulatingusface of liquid atoms that are exposed to
the vacuum should be associatedhwan increased probably of multiple collision
trajectories that alter the magnitude of the ddpsfomponent of the total flux angular
distribution. As this is not observedheindependence of the relative cdCharacter with
respect tal shouldreflect the extreme surface specificitytioé collisional events that lead
to IS and trappingSecond, the independence of the relativedgpskaracter with respect
to d may suggestthat the incident atom probelset samanterfadal sitesacross a wide
range ofincident angls. Although it is possible that changimfcould restrict the range
of accessible surface sites in a wagttimaintains the relativeorrugation of the stace
this seems unlikely. Given the thermally disordere@nd fluctuatingliquid-vacuum
interface thetemporal and spatial averaging of the-tigsid scattering measuremeat)d
the absence afanometer scale molecular safsembly at the liquidacuuminterface of
squalane and PFPE, it is unlikehat therearestructural or dynamical effecthatrestrict
access of incident atonts certain sites based afi. Both of these conclusions are
supported by a receratomliquid scattering experiment where atomic fluorine was
scattered from the liquidacuum interface of deuteriulabeled variargt of a 1-butyl-3-
methylimidazolium ionic liquid?® The cation in this liquidand in othersimilar ionic
liquids) is known toundergosome degre ofordering at the liquiebacuum interface. The
site-specific hydrogerabstraction scattering yield was found to be independert, of
suggesting extreme surface specificity with no dramatic deviation from uniform surface

samplingat different values fad.
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Atomically rough and thermally disorderégcterfacial regions opolymers and
liquids are known to yield nonthermal angular disttidws in molecular beam scattering
experimentshat are broad with a significant flux at small or negadive his flux at small
or negativdinal anglesioftenr e f er r ed t o a shighiidhtahe flact thaathis e r i n g
signal is directed backwards toward the incident beam in the lab or-oémss(c.m.)
frames® However, there are other instances where this term is used to promote a mo
mechanistic interpretation where flux at low or negativis assumed to result from low
impactangle collisions between the incident atom and an atom or cluster of atoms at the
liquid-vacuum interface. To distinguish between the two, we will desthibdatter as
Amechani stic backscatteringo. Adollisibng per t h e
between an incident atom and interfacialatemMsou |l d occur i n the HfAst
regimed*® In this regime, the scattering dynamics are qualitatively consistent aith h
sphere scattering trends and often quantitively consistent with scattering models that have
been extended to allow for inelastic energy transfer during individual collisiossd f t
spher eodo .¥cRoththard and gdfisphere scattering models giet large
translational energy transfers for lempactparameter collisions between the incident
atom and an atom or cluster of atoms at the ligqaicuum interface. In additioto
relatively high energy transfer, hardnd softsphere models predict ah lowimpact
parameter collisions result in the incident atom recoiling backwards or sideways with
deflection angles greater than 90° in tha.frame. If these backscatteredjectories are
not efficiently funneled into other events (e.g., additiamdlisions) orif the flux of atoms

associated with the backscattered trajectories i®bstured by the flux chtoms from
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other scattering channels (e.g., TD), it may be |ptsto observe features indicative of
mechanistic backscatterimgin-planeflux angular distributionsAs hard and softsphere
scattering trends imply that the gaguid scattering event is very localized at the liguid
vacuum interface, some previatsidies have found it useful to modelgjgsiid scattering
dynamics with theredictions of Newton diagrafmore commonly used to analygas
phasecollisions in crossed molecutleans experiments. Qualitatively, Newtatiagram
analysis suggests that nonthermal scattéux at low or negatived: could be the rising
edge of a mechanistic backscattering lobe inctine frame® As is it unlikely that the
rising edge of the mechanistic backscattering lobe is-desdtribed by a codf function
acrosghe large range ak shown inFigures 410, the data presented in this paper suggest
that mechanistic backscattegi is not responsible theelative changes in nonthermal
inelastic scattering flux at low or negatifreal angles from PFPE or squalane. However,
the continued development of methods to probe the full, 3Dligasd scattering
distribution would be veryelpful in investigating the reliat importance of mechanistic
backscattering in gaguid collisions. A recent studsf using 3D velocity map imaging
of nonreactive HCl scatteringgioa 7 1 . 1% flord a selfadsembled monolayer found
clea evidence for (1) a signal thaas a flux proportional to caf) and (2) a broad lobe
near the specular direction that corresponds to nonthermal flux withoutd® ems(ular
distribution. No lobe corresponding to mechanistic backscattering was etserhis
study, suggesting thathis 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(k) function also implieshat thecomponenof the total or IS flux angular distribution
that is not proportional to eosk) functionis very similaracross a variety of different
scattering experiments at a fixeld Thisvery useful observain suggests that tplane
scattering that has nditeen anlg randomized may have a common set of dynamical
features that are approximately independent of the inciatemt and the nature of the
liquid-vacuum interface at fixed di. However, it is important to note the limitations of
the data used to makthis ¢aim. For example, alow d;, IS and total flux angular
distributions from liquid interfaces tend to be very broad and highippedtoward a
cos(k) function making it difficult to resolve the shape of tbemponentS flux angular
distribution that isnot proportional to a codj function. In situations whereone is
interested in singkeollision, gasphaselike scattering from diquid-vacuuminterface
nonthermal scattering flux that is proportional to a dd&@nction may obscurihe desired
sigmal. However, as demonstrated in this paper, shattering anglerandomized
component ofthe total flux angular distributionsnay itself be usefulin characterizing
liquid-vacuuminterfadal structure. MD studiemay helpidentify the atomistic features
of the liquidvacuum interface thatre responsible for ca$) character in total or IS flux

angular distributions.

Conclusion

We havepresentda new analysis of previously publishedafabm three different

gasliquid scattering experimentand wereport a trend that has not been previously
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acknowledged ithe literature If f(ck) andg(dk) are two different flux angular distributions,
our analysis demonstrates thiéf) c8ly(dk) + c2A ¢ d)swherec: andc; are constants.
Furthermore, we find that the relative ais¢haracter between totalpianeflux angular
distributionsfrom the liquidvacuum interfaces divo qualitatively differentiow vapor
pressure liquidgsqualane and PFPE) appears to be independent of thetyidanthe
incidentatom its incident velocity, ands incident angle The ndependencef the relative
cos@r) characterstrongly suggests that relative af(character may be an intrinsic
propertyof the pair of liquid surfaces studied. A careful analysis of this phenomenon in
the context of existing knowledge in the literatumeggests that the relative s{d)
character metric ia result of multiplecollision scattering trajectories that are promoted by
differences in atomiscale roughnesketweenthe two liquidvacuum interfacesinder
consideation This study represents an important advancenrerihe experimental
investigationof gasliquid scattering dynamics from the liguichcuum interfae. More

research is needed to map the range and generality of the ideas presented in this study.
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PROBING A RUTHENIW COORDINATION COMPLEX AT THE IONIC LIQUID-
VACUUM INTERFACE WITH REACTIVE ATOM SCATTERING, XRAY
PHOTOELECTRON SPECTROSCOPY, AND TIMBFFLIGHT

SECONDARY ION MASS SPECTROMETRY

Abstract

The speciation, conformation, and reactivity of transition metal complexes at the
gasliquid or liquid-vacuuminterface are poorly understod despite thepotential for
observingchemistry unige to the anisotropic liquievacuum interface and leveraging
interfacestructureto control the state and environment of the complékansition metal
complexes can bdesigned tgopulate the liquisdkacuum interface, it malge pssible
explorecatdytic behavior by delivering reactants to timerfacewith a molecular beam
andmonitoringthe scattering dynamics of reaction productstitaindetailed information
on thereactionmechanism.In this greliminaryexperimeral study, we use reactivatom
scattering(RAS) with a hyperthermal fatom probe, Xray photoelectron spectroscopy
(XPS), and timeof-flight secondary ion masspectrometry (TOfSIMS) to explore the
interfacial composition and structue of a ~2 mg/mL solution of [RuChk(p-
cymene)P(GH17)3] in perdeuterated -éthyl3-methylimidazolium
bis(trifluoromethylsulfonyl)imide (ci-[Comim][Tf2N]). These dataindicate that the
complexis present as tH&uCl(p-cymene)P(eH17)3]* ion (having los&a Cl ion) at ornear
the liquidvacuuminterfacewith a number density that lsuchhigher tharexpectedrom

the bulk concentrationBy analogy with prior work on [€nim]-x[C1iomim]y[Tf2N], we
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conclde that our dadareconsistent with anodelwherethe charged metal center displaces
adi-[Comim]* cation in the outermost sheef@mim][Tf2N] and the hydrocarbon chains

of theP(GsH17)3 ligand protrude into vaaim.

Introduction

The concept, science, amtactice ofchemical catalysis with organombiza
compounds has beemecognized by several recentNobel prizes (asymmetric
hydrogenatio®’, metalcatalyzed kene metathesi€?3°, palladium catalyzedcross
coupling reactions?, etc.) and tre field of homogeneous transitiometal complex

232 As the name

catalysiscontinues to be \atlly important tothe fine chemial industry:
implie s , A h o moagteanleyosuiss 0 i s t ypi c afrahsgtionfmetalu s ed
conplex solutesn thebulk phase of a solvenHowever, little is known abotlhe behavior

and cataltic activity of these trasition meal complex solutest interfacesparticularly
theliquid-gasor liquid-vacuuminterfaces.This paucity of knavledgeis primarily a result

of experimental difficulties associatedith probing thecomposition, structure, dn

reactivty of a fluctuating interface wh high sensitivity andinterfacespecificity. The
investigation of theliquid-vacuum interface is particularly challengifgecausemost

common solvents havweapor pressureshat make them incompatéowith high-vacuum

(10° to 10° Torr) or ultra-high vacuum UHV, <10° Torr) environments without the use

of special methods (@, liquid microjet® technology. In this context, the use of room

temperature ionic liquidéRTILS) as solvents fdransitionmetal compl& catalysis offer

interesting advantages RTILs ae moleular saltsthat are liquid at or near room
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tenmperature!491%0

They have solvation properties that r@ typically comparable to
commonmadecular solvats but thestrongCoulomb interactionbetween ion# the liquid
result in extremely low vapopressures RTILs arethus typically stable inUHV
environmentspermitting the usef a wide rang®f powerful surfacecierce methodshat
can preide information oriquid-vacuum interice composition, structurend@reactivity.
Examples of vacuursurface science methods that can be applied to ionic liquids include
sum frequencygeneration (SFGY3 175176, 233234 |o\w-energy ion scattering (LEISY®
high-resolution Rutherford backscatring (HRBS)3% 235 X-ray photoelectron
spectroscopy (XPSY’ time-of-flight secondaryion mass spectrometry (TQEIMS),23¢
and reactiveatom scattering (RAS) 180181, 183, 199, 225

Among thesenethods, reaive-atom scattering with maspectrometric detection
(RAS-MS)!8L 2255 particularly attractive RAS-MS can deliver a wide variety of gaseous
reactantsto the liquid-vacuum interfaceunder controlled conditionswith a molecular
beam. The velaity andangular distributios of specificreaction productthat promptly
scatter (4 € s ) f r ovacuaminterfateicarbe imanitored wh high sensitivity.
Thesedistributions can provide insight on thatureof the reactioomechanism and strong
dynamical evidence for thenterface specificity of the reaction. If transition metal
complexescan be engineered populate he extremeRTIL-vacuuminterfaee, RASMS
studies can be designed to probe transition metal comgéexivity at ths interface. The
ability to obsenre catalytic reaction products oritating from the extremkquid-vacuum
interface pens up hie possibility ofobserving reaction intermediajessdesorption into

vacuum should be an importdass pathway that can prege unstableor highly reactive
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intermediates. For example,highly reactive Batom intemediates prducedby near
interfacesolvated electrons wedetected by delivering sodium atomsheliquid-vacuum
interface of glycerol with anolecular beari Also, a vaiety of reaction itermediates
from the surfactarpromotedreactions of Gland Bp with Br' in glycerol were detected
with the use of th®@AS-MS technique-®®

In extensively stued liquids like water, the extreme anisotropy of the liguid
vacuum interface has been demonstrated to modify the chemibathgsicalproperties of
the inteface relative to the liquidllk. For R T 1 L @tsopy ofthie lguidavacium
interface is kown to causethe ions that are exposed to vacuum to qroksulting in a
liquid-vacuum interfa@al structure thatis dramatically different from the bulk duid
structuret?  The chemical consequences dfig ordemg ae, in gemral, poorly
undersood. However for highly reactive gases that attack atoms of the ionic liquid ions,
ion orientation has been demonstratedcontrol the location of the reaction site by
regulating thexccessibility of differenfunctiond groups to tke reactive ga&> In addition
ionic liquids aretunablein the sense thahe interfacialstructure and otliechemical and
physical properties of the liquid can be modified by changiagdintty of theconstiuent
ions. Provided thatransition metatomplexes can be designedpmpukbte the extreme
liquid-vacuum interfacwith sufficiently high concentratip it may be possible to leverage
the tunable RTIlinterfacestructure to modify t& position orientation)ocal environment,
and reagvity of a transition metal complex ar near the liquidkacuum interface.

The strongCoulomb interactions between RTlanstend to result irhigh liquid

viscosites that can have a negaegiimpacton many practal catalyticapplications of
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transition metal complex solutionsith RTILs. Supported ionic liquidohase (SILP)
systemsninimize these transport issues by eitiiechoring the comple a ®lid support
andcoating he supportvith a RTIL thin-film or coating the suppbwith a thinfilm of a
solution ofthe complex in a RTILUnfortunately, in many situationanchoring to a solid
support carhave detrimentalféects on important catalysimetricssuch ageactvity and
selectivity. Therefore resarch on composition, structure, arehctivity of the liquid
vacuum interface of aatalyst + RTIL solution may provide usefaformation on the
viability of anchorng thecatdyst to the liquidvacuuminterface.

In this study we have investigeed the composition andtructure of the liquid
vacuum interface of a transition metal complex solute in a Rolent. Three vacuum
surfece science methoagere used: RASMS with ahypathemal Fatomprobe, XPS, ad
TOF-SIMS. To promoteinterfacial activity of thetransition metal complegolute, we
designed and synthesized the na@rdination compounfRuCk(p-cymene)PCsH17)3].
This Rucomplex s a variahof awell-known hydrogenation preatalyst. A perdeuterated
variant of be common RTIL 1-ethyl3-methylimidazolium
bis(trifluoromethylsulfonylimide) odii-[Comim][Tf2N], was selected as the solvent so
deuteriumatomabstraction frm dii-[Comim]* by incident F aams to form DFcoud be
distinguished froninydrogeratomabstraction from the Reomplex to form HE We have
found that the Rucomplex exist as [RuCl(p-cymene)P(€H17)3]" at theliquid-vacuum
interface and isoriented to epose the gymene groupand/or the P(GHi7)3
(trioctylphosphinggroup to thevacuum. When the liquidvacuum interface is continually

refreshed in high vacuum wita scraper and allowed ~1 secota restructurebefore
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exposurdo a reactant gas, tifiu complex number densitgbn the oreér of ~23% of the
total number density of tHRu complex, di-[Comim]*, and[Tf.N]' at the interfaceThese
observations on ligid-vacwm interfacecomposiion and structre are expectetb inform

future studies on catalystactivity at the liquidvacuum interface.

Methods

Sample Preparation

Pure sample®f 1-ethyl3-methylimidazolium bis(trifluoromethylsulfonyl)irde

RuCl,(p-cymene)P(CgH,7)3 1-ethyl-3-methylimidazolium

C,mim*
H

W AR )

Cl P(CgH17)s

bis(trifluoromethylsulfonyl)imide
THN"
©
~No NS
s7 s

O// \\O O// \\O

F.,C CF,

Figure 1. Molecular structures withames and abbreviations of two ionic liquid ions and the ruther
coordnation complex prepared for this study.

([Comim][Tf2N]), 1-(Ds)ethyl-3-(D3s)methyl(Ds)imidazolium
bis(trifluoromethylsulfonyl)imide (¢i-[Comim][Tf2N]), and the coordin&n complex

[RuChk(p-cymene)P(€H17)3], were synthesized (séagure 1). [Comim][Tf2N] and di-
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[C2mim][Tf2N] arecolorless liquids [RuCh(p-cymene)P(€H17)s] wasobtained a a rust
coloredcrystalline powder.A ~2 mg/mL ®lution of [RuChk(p-cymene)P(€H17)3] in di1-
[Comim][Tf2N] was prepared by adding 0.0080 dRICh(p-cymene)P(€H17)3] to 4 mL
of di-[Comim][Tf2N] and repeatedly stirring and sonicatitige mixture at room
tenmperatureuntil a majority ofthe solid dssdved. Theresulting solution waanorange
red color. A few flakes of the sample did not dissolv&he homog@eoussolutionwas

pipetted off leavingthe flakesbehird.

ReactiveAtom Scattering (RAS)

All RAS data verecollected with the use of a crosseeams apparatusnfigured
for beamsurface sadering® 8 84 18482, 194 Thjg instrument functios by direting a 7 J
pulse o f 1 O light frenna CQ TEA laser though &nSewi ndow i nto a
vacuum chambegoumped by 2400 L/s turbomolecular pump to a base pressure of 2.0 x
107 Torr. Inside the sourceacuum chamber, this laser pulssiimultareously redirected
andfocused into the throat ofa@pper cone with a concave gold mirrdn the throat of
the copper conethe focused lasemadiation encounters sulfur hexafluoride (S§f gas
pulse that was injected inthe source vacuum chéer by acustom piezoeledt pulsed
valve (stagnatiopressure of 210 psig)l.aserinducedbreakdown of the Sfgas near the
apex ofthe copper cone initiates a detonation event thailves into a blast wave that
propagateshrough the remaining gas in the conehe gasdynamcs insde the copper
cone promote chargeharge recombination but discourage atmiom recombination
resuling in a spatially weldefined pulse of higivelocity, neutral atomidluorine and

sulfur. This hyperthermal gas pulse travéiisoughthe source vacuunchamberbefore

~

n s
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encountering a skimmer and aperture that permit the central portion of teegaeistthe
chamber and enter a 0 coollimatedbean@pproxinmatelyd.B a mb e r
mm x 2.0 mm). In the main vacuum lamber (base pssure < 5.0 x107 Torr), a
synchronizedchopper wheel isised to selectively transmit F and S atoms that have
velocities thatlie within a narrow veloty range After the chopper wheel, the-d&om
translationaknergy distributiornas an averagef ~384 kJ mof and a FWHM of ~50 kJ
molt. Thissequence of events is executed witk@etition rate of 2 Hz to creaspulsed
hyperthermal beam of F and S atoms.

After velocity-selection with the chopper wheel, F and Snatan thepulsed
hypethermal beam collide with atecules at the liquidacuuminterface of a-2 mg/mL
solution of [RuChk(p-cymengP(GH17)3] in chi-[Comim][Tf2N].  This liquid-vacuum
interface waprepared by rotating a polishethinlesssteel wheel throgh atemperature
controlled reservoir of thmnic liquid mixture and scrapindpé resultindgilm to a uniform
t hi c k ne s sThalidquid fe@geratarewas held at 283 K. The rotation frequency
of the reservoir wheel wdixed at 0.25 Hz to ensure that evgnylse of the hyperthermal
F/S-atom beamencounters dreshly prepared liguiacwm interface free from the
reaction products of tharevious gas pulselhe entirdiquid reservoir assembly can rotate
about an axig,, that (1)passes through a poift, at the center of the circular or elliptical
area of he liquidvacuuminterface that isexposed to the pulsed hyperthermal beam, (2) is

contairedwithin the front face othe rotatingvheel, and (3) is perpendicular to the axis of

the pulsed hyperthermal beadm, Thus,the incident angled;, of the F and Satomsin the

pulsedhyperthermal beam with respaotmacroscopic interfaal normal of the liquid film,
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¢, can be adjusted by rotating tiheservoirassembly about. Note that, under the
conditions of this experiment, the ligurderfacereceivesappoximately¢ p 1 Fatans
cmi? pulse! or approximately 10% of monolayer pepulse.

It is importantto notethatS atomsin the pulsedhyperthermabeamare a biproduct
of the process oproducingF atoms However S atomsare notexpecta tointerferewith
F atom chemistry at the liquid-vacuum interface becausethe flux is low (from
stoichiometrythe S atomflux shouldbe approximatelyl/6" the F atomflux) andbecause
most of the hyperthermbF and S atomsare expectedo scater from the liquid-vacuum
interface without reactng (e.g., nonthermalF-atom flux is approximately71% of the
combinedr andHF flux from the liquid-vacuuminterfaceof 1-butyl-3-methyimidazolium
bis(trifluoromethykulfonylimide at d = 60° anddk = 70°?%%. The rotatingwheel ofthe
liquid reservoirensureghat every pulseof the hyperthermalbeamencountes afreshy
preparediquid-vacuuminterfacethatis freefrom theradicalsandreactionproductsof the
previouspulse BothF andSatomsin thepulsedhyperthermabeamcanreactwith atoms
at theliquid-vacuuminterface In this study we focuson thereeactive and norreactive
scatteringof F atomsbecauses-atomscatterings complicatedby the isotopesof sulfur
anddissociativaonization(see Resultsectior).

F, HF, and DRhat scattexd from the liquidvacuum inteface at an exit angle

with respect to¢ were detected by passing through the entrance aperturemafsa
spectrometethatcanindependently rotate aboutn a plane defined by anda Negative
values oftk indicate that the pulsed hypleermal beam and thetedable masspectrometer

are on thesame side af. Positive values of indicate thathe pulsed hyerthermal beam
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and therotatable mass spectrometer are on opposite sidés ofhe rotatable mass
spectrometecontains arelectronbombardmentdnizer®® coupled to ajuadrupole mass
filter and a Dalytype ion counting syster®’ In this experiment, theotatalle mass
spectrometer was used ¢ollect number density distributionsl(t), dso referred to as
time-of-flight or TOF distributions) as a fustion of product flighttime from the liquid
vacuum interface tthe electrofbombardment ionize In generalproducts that promptly
scatter from the liquibacuuminterface (4 € s r e s i dafter the arrival oh éhe
incidenthyperthermal pulse & atomg typically yieldbimodal TOF distribution$*” The
TOF peak at shorter flight timésproduced by impulsivecattering (IS) trajectories where
the incident atom areactionproduct underges onlyafew (perhaps< 5)% collisionswith
interfacialatomsbeforescatteringnto the vacuum IS atomsor molealesdo notattain
thermal equilibrium with the liqguidbacuum interface before exitirige surface.

Also, IS atoms or moleculestrea i n s o me A me-golisiorycondibohs t he p
after exting the surfaceand their scatteringynamicswill generally vary with d;, E;,
collision site,etc. The TOF peak at longer flight timespsoduced by thermal desorption
(TD) trajectories where the iment atom or reaction product undeega sufficient
number ofcollisions at the intdace to losea | | i me thepregodision ¢onditions
befare exiting the surfaceoftenwith a MaxweltBoltzmann (MB) véocity distribution at
the temperatureof the liquid interface. Assuming that there is no barrier to
adsorptiordesorptionandtrappingis not dependenbn the incidentangle TD atoms or
molecules exit thsurface with an anglemandomizedjntegratedilux angular distribution

that is proportional to cod.
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Bimodal TOF distributions for F, HF, and DF scattering from the lign@iduum
interfaceof the ionic liquid mixture were decomposed into the component IS and TD
numberdensitydistributions. The TD component was isolatday fitting the appropriate
peak or shoulderof the total TOF distribution to a number densitydistribution that
correspondso a MB velociy distribution at the temperature of the liqunderface The
IS conponent was isolated by subtracting the TD component frone tbtal TOF
distribution. The intensity of thdS and TD components were calculateddoyverting
each number density didirition to aflux distribution and integrating thesulting peak.
The arerageenergy of the IS componentas calculated by conveng the IS number
density distribution to a flux distribution, applyirgcoordinatdéransformation to change
the dependentariable from time to translationahergy, andomputing theaveragevalue
of the resulting translational energy probabilidgnsiy distribution P(Er). Binary-
encodedTOF datawere exported in an ASCII format and processeddogtom data
analysisfunctionscomposed in Igor Pro ®WaveMetrics Inc., LakeOswego, OR, USA)

In general, RAS experiments can be carried out withide wariey of gaseous
probe atoms or molecule$n this study, hyperthermal F atoms were selected as the ideal
probe ofionic liquid-vacuum interfaial composition and structureThere are several
reasons thajustify this selection.First, F atoms @& known tdform a simple terminal,and
stablemonohydride product in high yield when interacting with hydrocarbadlso, F
atoms onlyhave one stablesotope {9 Da). Thus,H-atomabstractionfrom the liquid
vacuuminterfaceby anF atomshould only producscatteredHF withamass of 20 Da and

a signal in the mass spectromretietector at anassto-chargeratio of m/z = 20 (HF").
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Similarly, abstraction of a @tom from the ligid-vacuuminterfaceby an F atonshould
only producescattered DF with aignal atn/z = 21 (DF'). Second, HFand DF are
expected to show little to no dissociative ionizatiothe electron bombardmeiohizer,?!
simplifying the interpretation of the scattere@t®m signal ainw/'z= 19(F") becausehere
is no component of this signal ttatginatesfromscattered HF or DFThe ability to detect
all threerelevantproducts F, HF, and DI uniquelyincreases da collection efficiency
andsimplifies the interpretation of TOF distributiore®llected atm/z = 19, 20, and 21.
Third, F atomsare extreraly reactive with <4 kJ mol! H-atomabstraction barriers for
aliphatic GH bonds and should show little bsabetween equallgccessible aliphatic-El
reaction sitesLow biasbetween eaally accessible reactivates is helpful in quarftiing
relative sufacecomposition. In addition, thehigh reactivity of theF-atomprobeshould
improve the reactive attering yieldand the overall sensitivity of thmethod. Also, there
is someevidence that the high reactiviof the probe maynicreasehe surface sgdficity
of the TD channel®® Fourth, for anindividual cdlision at the nteface hyperthermal
translational energies for the incident atom tenghrtamote sbrt and highly localized
collisions. | n t hi s séagetmrgwc tryérgmsliqua collisions should follow
trends that are qualitativelyonsistent withthe predétions of a hareépherescatering
model that has been extended to include inelastic translatinaedydransfer( a #fA s o f t
s pher e d® Mspdrethestructural scatteringegime, increasing théranslational
energy of thancidentatom tends to increase the probabilityi®fa the expenseof TD.
These trends are desirable because (1) the dgfoharacteristics of I9rovide strong

dynamicalevidene of the extreme surfacspecificity of this scatteringathway and?2)
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highly localized IS can permit the association ohtszing observablessuch asenergy
transfes and angular distributia) with properties of the reaction sitéAs thefifth and
final justificationfor the selection of a hyperthermahfom beamn the RASexperiments
performed in this study, the higielodty of the incident Fatom improves thélight time
separation beveen IS and TD TOF distributionsThe physical origirof this effect is
rootal in the properties of structural scatteringn this scattering regimetranslational
energy transfeassaiated with 1S should increase with the translatioeaérgy of the
incident atom Thus, increasinghe translationakenergyof the incident atom should
increasethe trarslational energy of ISwhich isequivalent to reducing the flight time of
the associted IS TOF peak. As the TD TOFpeak isonly a function of the surface
temperature,increasingthe hyperthermal fatom velocity improves the flightime

resolution letween the 1and TD TOF distributions.

X-Ray Photoelectron Spectroscopy (XPS)

X-ray phdoelectron spectra were collectedgth the use o& Physical Electronics
5600 Xray phaoelectron spectromet&ith AugerScan softwar@RBD Instruments, Ing.
Berd, OR U.S.A). This instrument uses a focusedonoc hr omati ¢ Al KU
deliver a2 mm diameter beam of soft-bays wih aphotonenergy of 1486.6 eV to the
sample. The X-ray power was fixed at 30 W. The angle of incidence of the
monochromatie-rayswas 45° with respect to sample interfamamal. Electron emission

from an 800 em di ame t reonitoredeagan exingle df 45t wvite s a mp

respect tahe interfacial normal of the sarple. Note that thePhysical Eéctronics 5600
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instrumenimakes use of a hemispherical electron epar@glyzer and multichannel plate
detector.

Two sampés were studiedoure [Gmim][Tf2N] and an ~2mg/mL sdution of
[RuChk(p-cymere)P(GH17)3] in di1-[Camim][Tf2N]. Both sampleswere prepared by
spreadi ng a-lbab silcdn wafen Both sample were stable in th&JHV
environment of the XP®&istrument (base pressure ofIDorr with the sampl@resent in
the chamber).Surveyspectra were coltged from a binding energy of 0 1800 eV with
a 0.4 eV increment and @ass energy of 46.95 eWHigh-resolutionspectra of specific
photoelectron peaks wecellected with an increment of 0.1 eV am@ass energy of 23.50
eV. As discussed in thigerature,*®the ionic conduction of rootemperature ionic liquids
is sufficient to prevent severeharging of the liquidzacuum interface and extreme
distortion of the X°Speak shape without applyimdectrons to thedjuid-vacuum interface
with an electron gun.However, ion conductioin roomtemperature ionic liquids is
insufficient to completely prevernhe liquidvacuuminterface fran developing a small
positive charge under the conditionstloit experiment. This small positive charge at the
liquid-vacuum interface uniformlyncreaseshe binding energy of akPSpeaks detected
from the ionic liquid. To correct for his offset, the binding energy axigas shifted to
ensure that the N Jshotoelectron peak froffComim]* or di1-[Comim]*™ was centered at
402.1 eV. Note that thisreference value was derivedtime literature bycorrecting the
aliphatic C 1ghotoelecton peek from [Csmim][Tf2N] to 285.0eV.2®

AugerScanwvas used to export all spectra as ASCII files contaithegassociated

binding energyandan amplitude proportional to electron caurithese ASCII filesvere
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plotted and processed using custom and haoifunctions in Igor Pro 7. Thieackground
in the X-ray photoelectron spectveas fit to a linear or Shirley background depending on
the shape of the background. A#aks were fit with &aussian/Lorentzian pdactline

shape

Q p 16 O O O (1)

where m is fixed at 0.30 (30% Lorentzian), i& the peak position in eV, F is the peak
FWHM in eV,and E is the binding energy in e¥Atomic sensitivity factos wae obtained
from the Handbook of XRay Photoelectron Spectroscady

Otherwiseidenticalatoms inchemicallydistinctenvironmeng displaysmall shifts
in the coreelectronbinding energie relativeto thosetha would be observel in vacuum
Whenthesechemicalshiftsarelargeenoiwgh to resolvethe presencef multiple peaksin
an X-ray photcelectronspectrum theycanfacilitate spectraldecompositiorschemeghat
canbe usedto estimatethe relativeabundancef elementsn specificchemicalstates In
this study, favorablechemtal shifts allow C atomsin [Tf2N]', N atomsin [Tf2N]', andN
atomsin [Comim]* or d11-[Comim]™ to bedistinguishedand independentlyjuantified

The most intens¥PSpeaks foruthenium and carbon are associated wiéttron
ejection from the 3d andslorbtals, respectively.Both Ru 3d and C 1s peaksustbe
carefully integrated to quantify the relative number dgrafiruthenium andarbon in the
liquid volume probed by XP.SUnfortunately, the Ru 3¢ peak is partiallyobscured and
theRu 3d2 peak iscompletely obscured by thetense C 1s peakssociated with aliphatic
carbon, aromatic carbon, carbon shiflgdbonding withnitrogen, and carbon shifted by

bonding withphosphorousThe procedure used separate the IR3d peaks from the C 1s
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peaks § as follows.Two Shirley*°backgroundsvere used in the C 1s/Ru 3d region of the
XPSspectrum.The first Shirley backgroungmoves inelastic electron scaitg from the
C 1speak associatewith carbon atomsn the [Tf2N]' anion. The second Shirley
backgroundemoves the inefdic electronscattering from the remaining C 1s peaks and
the Ru 3d peaks. After backgroundremoval, the Ru 3¢z peak was fit to a
Gaussia/Lorentzian produdunction (seeEquation 1). To predict the position, intensity,
and width of the Ru 3¢ peak we male use ofseveralobservations.First, the Ru 3gb
peak should be at a higher binding energy thanRh&ds> peak. Second the Ru3d
splitting has been naauredas 4.17 eV for a largeumberof ruthenium compounds in a
wide variety of oxidatiorstates** Third, both Ru3d in orbit peaks should have the
same width.Fourth, the peak amplitud# the Ru3ds2 peak shouldye two-thirdsthe peak
amplitude of the Ru 3¢ peak’” With this information, the Ru 3@ peakwas predicted
from the posibn, width, and amplitude dhe Ru 3d> peak. Both Ru 3d peaksvere then
subtracted from the XPS spectruiheremaining C & signal wasntegrated numerically

Time-of-Flight Secondary lon
Mass Spectrometry (TGSEIMS)

Positive and negative T@EIMS spectra were collected from a FEvansTRIFT
| instrument with WinCadence softwa(Ehysical Electronics, IncChanhassen, MN,
U.S.A). Appr o x i ma tofat+2yng/BLOsoltidn of RuCk(p-cymene)P(6€H17)3] in
d11-[Comim][Tf2N] was used to prepare amio liquid film on the TORSIMS sample
mount. This liquid film was introduced into the T@EIMS chamber antbund to be stable

underUHV conditions (baspresue <1.0x 108 Torr). Depending on theolarity of the
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TOF-SIMS spectrum, this sample was hatdabias of+ 3 keV. A pulsed beanof %°Ga’
was prepared with a primary kinetic energylsfkeV, a repetition rate of 10 kHz, aad
pulse width 44ns. Thisionbemwasdi r ect ed at an Zatthe bguid mal | er
vacuuminterface of the ionic liquidnixture. To ensure static SIMS conditions, the
primary iondose was kept below 10ons cn?. To prevent charging of the sample, low
energy(<20 eV) electons wee intermittently applied to the samplé multi-stop time
to-digital converter wasisedto record timeof-flight spectra of secondary ions emitted
from the liqguidvacuuminterfacewith a time precision of 138 ps and a mass reswiuti
(m/op n of appoximately 2000. Both positive and negative ion TEBMS spectra were
recorded fromm/z = 0-300Q All spectra were exported frolinCadence as ASCII files
containing the number of ion cognassodted wth all detectedm/z. These data vere

binned and plotted ugy custom functions composed in Igor Pro 7.

Results

ReactiveAtom Scattering

Figure 2 shows representative TOF distributions that were collectedzat 19,
20, and21 which corespond to scattered F, HF, and.DFear IS sigrals were obsered
in al the TOF distributions for these producitBhe observation of IS HF is unambiguous
evidence that €4 bonds are accessible teeth atomprobeat the continully-refreshed
liquid-vacuum interface of the ionic liquid mixtur€lear IS signals were alsbserved at
m/z = 32, 33, and 34 Unfortunately, detailechnalysis of these sulfur products was

complicatedby the isotopic disibution of sufur (94.99%°%2S, 0.75%S, 4.25%*S, and
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Figure 2: Repregntativetime-of-flight (TOF) distributionsof scatteredF, HF, and DF are shownin
yellow. F atomstravelingat ~6300m s* were directedtoward the liquid-vacuuminterfaceof an ~2
mg/mL solutionof [RuClz(p-cymengP(CgH17)3] in di1-[Comim][ Tf2N] atanincidentangleof 45°. The
TOF distributionshasbeen separatednto componentgorrespondingo productsthat wereimpulsivey
scatteredlS) andthermallydesorbedTD).
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0.01%°3%S), themono and dihydrides ofulfur, and themultiple dissaiative ionization
pathways that arpossible in the electron o mb ar d ment iSotH, ¥ ( SH
SH"+H,HSD Y *$ B, etc.) Becauseheionic liquid mixture contains a Cligand,
it might be possible foanincident Fatomto form the mixed hatle moleculeFCI. The
observation of$ or TD FCl would provéhat thisreaction can occutAlso, theobservation
of IS FCI would uambiguouslydemonstrat¢hat Cl atoms araccessible to the vacuum in
the ionic liquid mixture. As Cl has twoisotopes, 7% percent of the FCI should be
produced atv/z= 54 and24% atm/z=56. Howeverno clear S or TD signal was observed
at m'z= 54 or 56. Thus, we find no evidence sugsting that hyperthermal F atowen
form FCI andno evidence that Cl atoms are expdgdo vacuum at the liguidacuum
interface.

Forall products, the integtad 1Sflux angular distributiofbetweerd: = 20° anddk
= 80°increases ad increases (sekable 1). For F and DF, thentegratedr' D flux angular
distributionbetweend: = 20° arl df = 80° decreases dsincreasegseeTable 2). Despite
an interesting insesitivity of the TD HFflux with incident angle (se€able 2), the ratio
of thelS flux angular distribution integratdsbtweend: = 20°andd: = 80° to theTD flux
angular digribution integratedetweend: = 20° andd: = 80° increasg asdi increases for
F, HF, and DF (sedable 3). This increase of the IS/TD ratio witincreasingd; is
commonly observediihyperthermal RAS experiments and isa@sequence of several
factors. For examplejn the structural scattering regime, largacident angles produce
lower deflectiorangles{ = 180°- d - df), which resulsin loweraverage collisional energy

transers (e.g., seeFigure 4).°> Also, at largerd, a larger range of forwardcattered
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trajectoriesis not directed toward the liquidreducing the probability of secondary
collisions. Lowering the average collisional energy transfer getlicing the number of
secondary collisionsicreases 1&t the expense of TD, increasiting I1S/TD ratio.

Although the details of the liquid-vacuum interfacial structure and galsquid
scattering dynamicsare crucially important inrelating the product yields to the
composition of the liquiebacuum inteface,we can obtaimm crude but purely experimental
estimate of theconcentration ofthe Rucomplexat the interfacewith a few simple
assumptions.We assume that (1) IBF and DF yieldsare proportional to theaumber
density of GH and GD bonds accessible to the vacuui@) each e-[Comim]* at the
liquid-vaauum interface contributes 8alkyl C-D bonds to theinterface, (3) eachRu
complexis postively charged (justified below) anmbntributes 61 aliphatic-€&l bonds to
the liquidvacuum interface, and (4) cations ardons are present the extreme liquid
vacuuminterface in equal numberslf theseassumptions are roughly correct, the IS HF
andIS DF yields suggest that tiember densitpf the Ru complexs ~23% of the total
numberdensity of the Rwcomplex, di-[Comim]*, and [TfoN]' at the interface. This
percentge seems small, but is orders of magnitude larger thaxpeced from bulk
stoichiometry andhas the same order of magnituddhasestimate obtained from té&S
data described balv. It is important to note that the liquidacuum interface fh
approxmately onesecond taeorganize andestructure as the rotating wheel of the liquid
reservoir movd the liquidfilm past the scraper into a position wherggsexposed tahe

hyperthermalF-atombeampulse
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The branching between IS and TEhe IS angulardistributions, andthe IS
translational energyransfer trends arelynamical RAS observables.Although the
dynamical RAS observables in this study cde corelatedwith qualitatively similar
observation®n differentchemical systems in the literatutbe trend are complex and do
not support a simpleconsistent irgrpretation. For exampe, the data inTable 3
demonstrate that the IS/Tix ratio is largeffor DF scattering compardad HF scattering
atd = 30°, 45°, and 60°Although the physicabrigin of this effect is currently unclear,
our observations are qualitatiyetonsstentwith theresults of a study by Nathansand
coworkers®wheremolecular DClwas scatered from the liquidzacuuminterface of pure
glycerol and asolution of 0.03 M tetrahexylammonium bromide in glycefBHABTr-
glycerol). Prompt and nonreactive DCI scattering from the THAdycerol hal a lower
IS flux and a highefD flux relative b analogous fluxeebtainedrom pure glycerol.The
auhors suggest that the decrease in IS flux B corsequene of THA™ hexyl groups
deflectinglS DCI over a broader angular ran§gresumably both wplane and oubf-
plane). Although our anguladistributions(Figure 3) show that IS DF fromd-[Comim]*
scattersover a broaderangethan IS HFfrom the Ru complex, it is still possible that the
full 3D angulardistribution of IS HF is broaddghanthat ofIS DF. In the experimentof
Nathanson and coworkerthe increasen TD DCI flux was attributed to &HA-induced
redudion of aloss pahway werdancidentDCl is transported into the liquid bulkVe have
no quantitative information on thedction of HF or DF molecules that dissointo the

ionic liquid bulk.



Table 1 Cartesian integralof the 1Sflux angular distributiosof F, HF,andDF fromdi = 20° tod; =
80° in arbitrary intensity units.

Incident Angle ISF IS HF IS DF
30° 5.5 0.44 1.3
45° 7.4 0.50 14
60° 10. 0.74 1.6

Table 2. Cartesianritegrals of the TDflux angulardistributiors of F, HF,andDF fromdi = 20° todk =
80°in arbitrary intensity units.

Incident Angle TDF 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 ratiosof scattered-, HF, and DFflux, 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 15 3.6

IS F, HE, and DF angular distributi@for di = 30°, 45°,and 60° are shown in
Figure 3. As discussed in a previoysublication??® IS angular distributions from soft,
atomicallyrough, andhermally disordered interfacesich ashose ofonic liquids appear
to be dominated byifferent degreesf damping toward a cod function, which isa
signature of angleandomization that is one of twiefining features of TDThe existing
evidence suggests that this phenomenon is a resulch@nges in the importance of
multiple-collision trajectories that contrilte to the in-plane scatteed productghat we
observe For example, lowetf increasethenumber oftrajectories that direct theeattered
producttoward theliquid aftertheinitial collision at the interface, which in tuincreases
the average number obllisionsthatthe product atom or molecule malkeshe interfacial
regionbefore it scatters into the vacuum. If fv@ducs exit the interface before reacdi

thermal equilibrium with the liquidhen theyhave hyperthermal translational energies and
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are clasified as IS products even while their scattering directions have been randomized
by the multiple collisions at the mtface. The resulting IS anguldistributions oflS
product flux thus have a largeos(k) charactewhend is lower. Interestingly the prior
work has alsalemonstratethat IS angular distributions from structurally distinct surface
sites at thdiquid-vacuuminterface appear tobe dominated by differences in co(
character?® Surface siteteading to highecos(h) charactem angular distributins either
promote more secondargollisions, increase the importance a&fecondarcollision
trajectories by reducing the number ofglane singlecollision trajectories, or bothThe
existing evidence suggests that #iree situations should beontrolled by the local
environment of the scattering sitd. appears thgiroducts that scatter fromreactionsites
protrudinginto vacuum where the local atahensity is lowhave lowercos(dk) character
on their angular disbutions Similarly, reaction sites that actoser to the instantaneous
interface bustill accessible to a ggshase probe tend tead to angular distributions with
higher cosff) character.As shown inFigure 3, thelS DF angular distributiorhas moe
cos(k) charactethanthelS HFangular distribution By analogy with previous studies on
a pure ionic liquid, thisesultsuggests thahe hydrocarbon groups detected at the liguid
vacuum interface of a~2 mg/mL solution of [RuCk(p-cymene)P(€H17)3] in dii-
[Comim][Tf2N] protrudeinto vacuum and occupy low-density region of space above the
liquid interface.Note thathe average angle tife octyl chains that are exposed to vacuum
is currentlyunknown.

TOF distributions can be mathematically intext to translational energy

probabilitydensitydistributions from which theaveragdranslational energy of a specific
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product can beletermined Thus,the fraction of theinitial average translational energy
that is lost during the IS event candaaulated. This quantity is often referred to as the
averagdractionalenegy trarsfer, qg&dCE;tor (G&i0- a:Q)/0Ei0 For nonreactive scattering
of an atom from theliquid-vacuum interface(with no collisioninduced electronic
transitions within theincident atom), & dCEG is equivalent @ the averageenergy
delivered to the liquid by theollision. For reactive scattering ohatomfrom the liquid
vacuum interface, thgi®d0Ei0 has a more complex meanitgcause iincludes the
disposal of therarslational energy of the collision and the chemical energy of the reaction
into (1) theenergy delivered to tHeuid, (2) theinternalexcitation energy of themolecular
product and (3) the averageanslationaknergyof the molecularproduct With the high
incident translational energies used in #gxperiment, individuatollisions should be in
thestructural scattering regime where #reergy transfer trendse qualitatively consistent
with the predictions of a hard spheegtering modef® Thehard sphere scatteringoctel
predicts that energy transfer shoahdnotonicallyincrease with theleflection angleX =
180° T o T ok = 180°T (cf + k). To confirmgiidcEiGis a function of ¢ + cf) and not
or dr individually, Figure 4 showsqi¥dcEidas a function oKX for d = 30°,45°, and 60°.
Although small deviationare visible atf = 30°,it is clear that@&dcEiddepends oX and
not ond; or dk individually. Quantitatively, thdS F and IS DF datara welldescribed by
an extensiomf the hardspheremodel that allowsor inelastic collisional energy transfer.

In this fAsofft sphereodo model
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the average translational energy transfer depends on several factors: the defhgiéion
} ; the mass rati@ = mgadMsurfaceWheremgasis the mass of the incidentdom andmsurtace
is a paramete that may be interpreted abe effective mass of the surface atoms that
participate in thecattering evenand the parametdEin, whichis thetotd internal energy
of the surfacend/orscatteed product

As shown irFigure 4, #g60Ei0andEin are clearly larger fdiS HF and DF relative
to IS F. Thereare at least three possible reasons fordbiervation First, HF and DF
products can haveranslationato-rotational and translationad-vibrational energy
transfer which wouldincreas qpid0EGrelative toscattered F atomsSecond, IS HF and
DF scatter more broadly reducing singlalision in-plane scattering and/or increasing the
relative flux of multiplecollision trajectories that scatter-ptane (sed-igure 3). Third,
IS F preferentiallyoriginates fom collisions with CE groups from the anion which may
absorb lesgranslational energy in analogy with other observations in thefitee that
report lowerv a | u e @&ddaffor hyperthermal IS from liqai fluorocarbon sudces
relative to liquidhydrocarbon surface$

Also, Figure 4 clearly shows thatsurf associated with IS F is consistently smaller
thanmsurrassociated with IBF and, likely, B HF given thaig@®d0E;afor IS HFis similar
to IS DF within the noise of the data)This observation is consistent with previous
(unpublishedyata on hyperthermal&om scattering from deuteriulabeledvariants of
pure [Gmim][Tf2N] where the data unambiguously éiom that IS F consistently has a
| o w e#dcEgpelative tolS HF or IS DF. However, the precise origiof this effect is

currently unknown.lt is possiblethat themsyrt differencesderived fran IS Fas compared
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Figure 3. Areanormalizedflux angular distribution®f IS F, HF and DFRlux from the liquidvacuum
interface of ~2 mg/mILRuChk(p-cymene)P(€H17)3] in di1-[Comim][Tf2N]. Eachtrace habeen scaled
so theCattesianarea betweet; = 20° andd; = 80° (rangeshownin gray) hasa value of 1.
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Figure 4. Average fraction of incidertanslational energy lost during IS from the gjgsid interface of
a~2 mg/mL solution of RUCk(p-cymene)P(GH17)s] in dh1-[Comim][Tf2N]. Softspherefits are shown
as solid lines and the assmied fit parameters are shovimthe same colaslongsidethe fit.

to IS HF or DFarethe result of diferencesn the nature of the liquigtacuum interfacial
sitesthat yield each productlS HF and DF must bproduced from &-H or G-D group
that is accessible to andtomprobe at thdiquid-vacuum interface.Thus, IS HF and DF
must involve a collisionvith [Comim]™ or thehydrocarbon components the Rucomplex
at the liquidvacuum interface. Although the precise nature of the liquidacuum
interfacialsites that yield IS F is unknowit, is reasonable tassume that this pathway
would be more probaewhen an Fatom collideswith a CE group from[Tf.N]', asthis
ion cannot yield HF or DFThe similarity between thieestfit soft-sphere parametefsr
IS F atdi = 60° (Msurf = 38 amu, Eint = 0 kJ mot!) and 1S OfP) froma fluorinated liquid
with Ei = 504 kJ mof (msurt = 34 amu andEine = 5 kJ mot)*® may be indirecevidence
supporting this assumptionNote thatmsut associated with IS fronmydrocarbons is
typically larger hanmsuf associated with IS from fluorocarbons becatingetotalmass of
atoms that are displaced during the -gasface collision is larger for thieydrocarbon

systen?® If F-atom collisions witf Tf2N]' have a smalflisplaced mass relative F-atom
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collisions with d1-[Comim]* or the hydrocarbon components of thed®mplex thenlS F

would be expected to haveesmallemsyr relative to IS HF or DF.

X-Ray Photoelectron Spectroscopy

As expectedrom prior resuts reported in the literatufé’ the pure ionic liquid
[Comim][Tf2N] and the mixture of ~2 mg/mURuChk(p-cymene)P(€H17)s] in dui-
[Comim][TfoN] are both stable under the ultrahigh vacuum conditions of the XPS
instrument (base pressure <®1t0rr). All 9 elements xpected inthe ~2 mgmL solution
of [RuCh(p-cymene)P(€H17)3] in di1-[Comim][Tf2N] are observed in the survegectrum

shown inFigure 5, demonstratinghat there is no solute or contaminéilm thicker than
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Figure 5: Survey Xray photoelectron spectrum of8 mg/mL solution ofRuCh(p-cymene)P(eH17)3]

in dll-[szim][szN].
the XPSprobedepth preent at theéiquid-vacuuminterface of the ionitiquid mixture. In
addition, a small concentration of Si walsserved (£%), likely fromthe pesence ba

small polydimethylsiloxane (PDMSgontaminant. Becausethe lquid sanple is not
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continually refreshed nside the XPS chamband PDMS is highly surfacactive, this
contaminant is probably undetectable in the ligoidk. The relative numbedensity

percentageof all elements detected are showmable 4. The atomicsensitivity factors

(ASF6 s ;okmowns as r el ati ve s ens.idbtainedfrogma$taamdatdo r s

sourcé®® and were not optimized for the specific instrumesed orthe specific samples
studiedin this experiment

The Ru, CI, and P atoms are unigque tocd@lyst and areat expected to beresent
in potental contaminants like PDMSThe observation of photoelectron sigfraim these
atoms is unambiguous evidence that the Ru atom, Cl ligemidP (GH17)s ligand are

present in the ~6 niskeg volumeprobed bythe XPS instrumentn a concetration hat is

Table 4: Composition of the neasuface volume of ~2 mg/mIRuCh(p-cymene)P(€H17)s in ths-
[Comim][Tf2N] probed ly XPS as determined by the relative intensity of the indicated photoelec
eaks. Note that the integratkand correctedrass arein arbitrary units.

Atom | Orbital | Integrated Area Atomic Sensitivity Corrected Percentage
Factor Area
N 1s 3330 0.477 6980 8.30
F 1s 12700 1.00 12700 15.1
©) 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 0.5 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

much higher than expected from the buttoncentration of ~2 mg/mLlRuChk(p-
cymene)P(H17)3] in di-[Comim][Tf2N]. Althoughthe stoichiometr of the lid catalyst
leads tahe expectation th&u:CI:P shouldbe1:2:1, the asociated XPSignds are in the
proportion1.0:1.1:0.89.If the speciation of theomplex is dominated by a single structure,

we can draviwo conclusions frorthe XPSdat done. First, thecomplex is not completely

0






