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ABSTRACT: Thermal and hyperthermal HCI (v = 0, ] = 0) collision dynamics at the surface of
methyl-terminated self-assembled monolayers (SAMs) are probed by state-selective ionization
followed by velocity-map imaging (VMI) to yield a full 27 steradian map of final 3D velocity
distributions (v,, vy v,) as a function of rovibrational (v, J) quantum state. “DC slicing” of the
scattered HCI flux normal to the surface (v,) provides a powerful tool for eliminating incident
beam contamination, as well as access to fully correlated, 3D flux weighted rovibrational quantum
state + translational scattering dynamics in unprecedented detail. At low collision energies (E;,. &
0.7(1) kcal/mol), the scattering dynamics are completely dominated by trapping-desorption
(TD) events, for which both external (i.e., translational) and internal (i.e., rovibrational) degrees
of freedom quantitatively track the SAM surface temperature (T). Hyperthermal scattering data
at high collision energies (E;,. ~ 17(1) kcal/mol) provide direct evidence for growth of an
additional nonequilibrium, impulsive scattering (IS) channel, with a strong forward scattering
propensity broadly distributed around the specular angle. The competition between linear and
angular momentum transfer for such a rapidly rotating hydride species (Byc &~ 10 cm™) is

investigated in the IS channel, which reveals strong retention of translational energy with only modest rotational excitation (K
~ 48(7)%, Ko & 6(2)%) and in clear contrast with studies of more slowly tumbling species (B¢, & 0.4 cm™) such as CO,
(Kirans & 6(2)%, Ko & 20(4)%). Most importantly, the combination of (i) full 27 steradian angular data with (ii) full quantum
state resolution permits a model free deconstruction of the experimental velocity map images into TD and IS components, which
provides striking, independent confirmation of the hyperthermal yet Boltzmann-like nature of both the (i) IS quantum state and
the (ii) out-of-plane momentum distributions. In summary, this novel combination of VMI with quantum state resolved
scattering techniques provides powerful synergistic opportunities for correlated investigation of quantum state resolved reactive

and inelastic energy transfer dynamics at gas—liquid-like interfaces with chemically “tunable” surface moieties.

I. INTRODUCTION

The early steps of the interaction between gas and condensed
phase reactants are of critical importance in any surface
chemical reaction dynamics, which may then proceed to either
(i) react and desorb, (ii) thermalize with the surface, or (iii)
dissolve into the bulk. Such inelastic and reactive scattering
processes are involved in nearly every branch of chemistry, with
particular relevance to terrestrial/extraterrestrial molecular
collisions with ice/dust particles,' > etching of spacecraft
surfaces during reentry,””” catalysis,"’""* and the dynamics of
atmospheric gas—aerosol'* and gas—liquid reactions.'”'® The
search for understanding of these complex, branching processes
has led to the development of many sensitive measurement
techniques to study surface geometry and composition, such as
reflection—absorption infrared spectroscopy' '® and sum-
frequency generation,'”'””" as well as to probe dynamics and
reactivity with molecular beams via time-of-flight mass
spectroscopy,é_g'15’21_26 direct absorption spectroscopy,”’ >
and laser-induced fluorescence.” >

These molecular beam scattering experiments in particular
have proven to be a rich source of dynamical insights,
specifically identifying a robust and remarkably simple
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paradigm for nonreactive scattering by way of two qualitatively

. 36—38
different channels.

In the context of such a “microscopic
branching” picture, the incident molecules either (i) stick to the
surface, thermally equilibrate, and eventually desorb (i.e., the
trapping-desorption or TD channel), or (ii) promptly leave the
surface after only a relatively few gas—surface interactions (i.e.,
the impulsive scattering or IS channel). The TD channel offers
information on a surface’s ability to absorb energy from and
thereby trap incident projectile molecules with various speeds,
angles, and internal states, and thereby provide a measure of the
surface softness or roughness.27 The IS channel, on the other
hand, retains some memory of the molecule’s incident velocity
and internal quantum state, and the ways in which these
properties change during the collision give information about
the torques, forces, and molecular orientations involved. These
laser-based techniques may also be extended to probe the
orientation and alignment of the final J states by control of laser
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polarization,”**~*' ‘and therefore probe the stereodynamics

and even the chirality of the collisional process.

However, none of the above scattering techniques gives a full
account of the scattering process. Specifically, time-of-flight
methods cannot detect the internal quantum state of the
scattered molecules, while the laser-based methods have not
usually been able to determine the full molecular vector
velocities. In particular, correlations between translational and
internal degrees of freedom in the scattered flux are likely to
contain valuable insight into the details of gas—surface
interactions, but have so far proven elusive. This Article
presents results from a new surface-scattering technique, which
detects both the internal state and the complete velocity
components of the scattered molecules. The method combines
state-selective 2 + 1 resonance-enhanced multiphoton ioniza-
tion (REMPI) with 3D velocity-map imaging of the resulting
ions, which allows for a full, 277 steradian reconstruction of the
states of individual molecules leaving the interfacial region.

In the context of such a simple model for TD and IS
scattering pathways, it is important to make some distinctions
explicitly clear. Because of the longevity of the gas—interfacial
interactions for TD events,”>~** there is a physical expectation
that both external (translational) and internal (rovibronic)
quantum states will, or at least could, remain in a Boltzmann
distribution at the surface temperature (Tg). This is not
rigorously true, as the presence of explicit anisotropic or
isotropic barriers to desorption can result in outgoing torques
and forces in the exit channel that yield non-Boltzmann final
rovibrational, velocity, and/or angular distributions for the
desorbing molecular flux.”* From a detailed balance perspective,
the presence of such barriers would necessarily imply
nonuniform efficiency for thermal accommodation (i.e.,
“sticking” or “trapping”) of incident flux as a function of
incident momenta and/or internal quantum states. Conversely,
for a flux of desorbing molecules always in a Boltzmann
distribution at the surface temperature, this implies near unity
sticking coefficients for all incident quantum states, angles, and
translational energies of gas molecules significantly sampled
from a Boltzmann distribution at T&.

The IS channel, on the other hand, is much less well-defined
and dynamically constrained. At higher incident collision
energies (E,,. > kTs), where such IS channel deviations from
perfect accommodation dynamics can and naturally do arise,
there is no a priori expectation for a “simple” distribution in
either external or internal states, which in general could be
completely nonthermal. Furthermore, whereas rotationally hot
molecules (E,, > kTs) in the outgoing flux have vanishingly
low probabilities of arising from a long time, thermally
accommodated molecule desorbing from the surface (ie, TD
events), there is no corresponding claim that even relatively
prompt interactions (i.e., IS events) with the interface will not
also yield some fraction of low rotational ] states. Indeed, there
is no assurance of any clean separation between TD and IS
channel contributions, as first stressed by Hase and co-workers
in molecular dynamics (MD) simulations of the rotational
distributions.**® However, what this Article nicely demon-
strates is that, despite such a freedom of choice, the IS channel
does appear to achieve a remarkable “hot but thermal”
equilibration with respect to internal rovibrational quantum
states, and indeed one that often closely matches the extent of
translational excitation into the out-of-plane scattering
directions.

The surfaces of particular interest for this experiment are self-
assembled monolayers (SAMs) of alkanethiols on gold.***~>!
The surface presented by such a SAM to impinging molecules
is made up of long alkyl chains, so that its scattering properties
might be expected to begin to approximate those of a
hydrocarbon liquid. Indeed, direct absorption studies of CO,
scattering from perfluorinated polyether and fluorinated
SAMs*”* exhibit remarkably quantitative agreement in
scattering behavior between the true bulk liquid and such
liquid-like mimetics. What makes this particularly powerful is
that van der Waals forces between these chains cause them to
spontaneously organize into highly organized crystal grains,
with all head groups in one plane and facing in the same
direction.*®** Thus, gas molecules arriving at the SAM surface
interact predominantly with a known, chemically “tunable”
surface moiety, which represents an enormous level of flexibility
and control over the collision dynamics.

The organization of this Article is as follows. Section II
describes the preparation and characterization of the SAM
surfaces, as well as design of the velocity-map imaging
apparatus with which to study them. In section III, we present
quantum state- and vector velocity-resolved results and analysis
for low-energy (0.7(1) kcal/mol) and high-energy (17(1) kcal/
mol) scattering. Comparison of the inelastic dynamics
elucidated by this work with other studies are discussed in
section IV, with conclusions and directions for future/ongoing
efforts summarized in section V.

Il. EXPERIMENTAL SECTION

ILA. Sample Preparation and Characterization. The
present studies involve scattering of thermal and hyperthermal
HCI projectiles from well-ordered self-assembled monolayers,
comprised of dodecane (C,,) aliphatic chains and made via
standard SAM synthetic methods described in the litera-
ture.'”*® Specifically, dodecane SAMs are grown on commer-
cially purchased microscope slides precoated with polycrystal-
line gold, which are cleaned with piranha solution, rinsed with
deionized water/ethanol, and immersed in a 1 mM
dodecanethiol (CH;(CH,);;SH)/ethanol solution for 12 h.
As a result of (i) strong S—Au bond formation, (ii) rapid lateral
surface diffusion, and (iii) weak van der Waals interactions, the
dodecanethiol molecules self-organize into closely packed
parallel structures of large islands, with an average 27° angle
of the chain backbone to the surface normal.*** AFM
characterization'”** of such SAM surfaces indicates that these
islands are typically 50—200 nm in diameter. Thus, over the
macroscopic dimensions of the scattering beam (1 cm?), the
surfaces predominantly present methyl groups as a first layer
“canopy” to the incident projectiles, but with a presumably
uniform distribution over chain backbone azimuthal angles with
respect to the surface normal.

The quality and uniformity of the resulting SAM interfaces
are crucial to the quality and reproducibility of the experimental
scattering data. Furthermore, this uniformity must be
maintained over multiple hours to days in a high vacuum
chamber, as a function of SAMs temperature and scattering
conditions. This requires a relatively rapid and convenient
optical probe of the SAMs surface, which may be achieved via
reflection—absorption infrared spectroscopy'”** with a com-
mercial FTIR spectrometer, specifically by characterization in
the methyl and methylene stretch region near 2800—3000
cm™'. A well-formed, crystalline SAM with translational
symmetry and low entropy provides an identical local chemical
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environment in each aliphatic chain, which results in four sharp
RAIRS peaks corresponding to methyl and methylene CH
stretching vibrations (see Figure 1), while poorly formed or
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Figure 1. RAIRS spectra of dodecanethiol SAM on polycrystalline
gold, (a) immediately after SAM formation and (b) after 8 h at 390 K
in a vacuum, together with a cartoon depiction of the SAM (c). Both
spectra exhibit the four characteristic peaks of a well-organized
alkanethiol SAM.

damaged SAMs yield peaks that are inhomogeneously
broadened and cannot be resolved. After RAIRS character-
ization, samples are placed in a vacuum chamber maintained at
5 % 107° Torr by one 1250 L/s and two 250 L/s turbo pumps.
The sample mount also contains a cartridge heater, which can
vary the sample temperature between 294 and 450 K. Repeated
RAIRS measurements as a function of time indicate that
dodecanethiol SAMs can withstand heating to 450 K under
vacuum for up to 3 days without any spectroscopic evidence for
deterioration. The sample is periodically removed from the
vacuum chamber, characterized by RAIRS, and replaced as
necessary.

II.B. Quantum-State Resolved DC-Sliced Velocity-Map
Imaging. The above SAM surfaces are probed by grazing-angle
HCI scattering with quantum-state and velocity-resolved
detection. Aspects of the surface-scattering apparatus have
been summarized elsewhere,*”* with modifications specific to
the present studies described herein. In the present work, alkyl
chain self-assembled monolayer surfaces are probed with HCI
molecules at well-defined incident energies, and such energies
may be produced and tuned via supersonic expansion. To tune
the incident kinetic energy, 1% mixtures of HCI seeded in a
systematic series of buffer gas diluent (H,, He, Ar, and 30%
He/70% Ne) are released into the vacuum through a 100 um
pinhole orifice pulsed valve’ (200 us duration, 10 Hz
repetition rate). The supersonically cooled molecular beam
passes through a 2 mm diameter skimmer 80 mm downstream
from the pulsed valve, producing a narrow spread of transverse
velocities (<3%) in the portion of the beam impinging on the
sample. The valve and skimmer assembly are positioned such
that the skimmed beam strikes the SAM surface at a 75° angle,
and illuminates an elliptical region approximately 4 cm long and
1 cm wide. This grazing angle is convenient because it produces
a large surface region illuminated by the molecular beam,
allowing for detection of all departing velocities with a single
ionization region. The beam typically achieves a velocity spread

of v/Av = 10 in the direction of travel, cooling >90% of the
HCI molecules into the J = 0 ground rotational state.

The rovibrationally excited HCl(vJ) molecules resulting
from elastic/inelastic scattering at the gas—SAMs interface are
then gently ionized via one-color 2 + 1 REMPL>**® The
requisite light near 235 nm is produced by tripling the output
of a tunable pulsed dye laser with LDS 698 dye, pumped by the
532 nm frequency doubled output of a pulsed Nd:YAG laser.
The dye laser output is pre-expanded to a spot size of 15 mm
before being focused into the chamber, to achieve a S0 ym
waist in the ionization region. This region is positioned <1 mm
above the center of the SAM surface, such that molecules with
essentially all velocity components may be probed. Molecular
ionization of the HCl proceeds via two steps: (i) 2-photon
transition to a bound, intermediate state, followed by (ii) 1-
photon transition to the ionization continuum. Thus, tuning
the dye laser frequency allows for state-selective ionization of
HCl(v,J) molecules with arbitrary velocities and a well specified
angular momentum, typically ] = 0—14. To minimize distortion
of the ion cloud by Coulomb repulsion, the laser power is
varied over a 10—120 uJ/pulse energy range to limit production
to at most 30 ions per shot. At these ion densities, the repulsive
effects due to Coulomb effects are negligible, indeed, notably
smaller than the (approximately 18 m/s) distortion due to
electron recoil.* This distortion, in turn, is comparable to the
velocity spread of the incident beam for a 0.7(1) kcal/mol
supersonic expansion in argon, and about 10 times smaller than
the velocity spread for a 17(1) kcal/mol hydrogen expansion.

Our next task is to detect the state-selected velocities of these
recently scattered HCI" and CI" ions. The ionization region lies
along the central stack of annular aluminum electrodes that
form a velocity-map imaging system,’>”’ ™" as depicted in
Figure 2. The gold substrate of the SAM acts as a repeller
electrode and is maintained at approximately 1400 V by means
of electrical contacts at the edges of the sample slide. The first
lens, second lens, and extractor electrodes are typically held at
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Figure 2. Velocity-map imaging apparatus for measurement of surface-
scattered HCIL. A pulsed supersonic beam of 1% HCI in 150 Torr
buffer gas strikes a self-assembled monolayer surface grown on
polycrystalline gold. A pulsed UV REMPI laser passes within 1 mm of
the surface. Ionized molecules are extracted by a stack of three annular
aluminum electrodes and impinge on a double-layer MCP, monitored
by a CCD camera. The MCP voltages are pulsed so that only a thin
slice of the ion cloud is imaged.
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about 1100, 700, and 0 V, respectively. The electrode stack
extracts ions upward from the ionization region, through a 50
cm vertical flight tube, and onto a position-sensitive two-stage
microchannel plate detector. The electron signal from the MCP
then strikes a phosphor screen and may be imaged by a CCD
camera. With electrode voltages properly tuned to the velocity
map configuration, ions with a given initial velocity component
perpendicular to the sample surface normal (v,, v,) arrive at an
easily predictable point on the detector, regardless of initial
position. Also, ions with a larger initial upward velocity (v,)
reach the detector sooner, so ion arrival time provides a
measurement of the final ion velocity component.”® Therefore,
the voltage across the MCP is maintained at 1300 V (~0 gain),
and pulsed to 1700 V (~107 gain) for 80 ns during the arrival of
the ion cloud. Under these conditions, ion clouds typically take
~700 ns to fully strike the MCP, which allows for 10 “slices” of
the full cloud to be analyzed individually, with the resulting
images scaled by the pulsed valve backing pressure, the square
of the laser power (the ionization process is limited by the
initial two-photon step), and the ionization efficiency of each |
state.

The scale factors that relate v,,v, to detector position and v,
to detector arrival time are determined by imaging HCI
molecules that have had time to equilibrate with the room-
temperature (294 K) walls of the vacuum chamber. These
molecular velocities should accurately reflect a thermal 3D
Maxwell—Boltzmann distribution, and thus the (v, v,) images
are fit to 2D Gaussians to obtain the conversion factor from
detected position to initial v,v, of 10.7(1) (m/s)/pixel.
Likewise, a fit of the total populations in each sliced image to
a 1D Gaussian yields the conversion factor from time delay to
v, of 2.51(5) (m/s)/ns. The same thermal fits also permit the
velocity origin on the MCP to be determined with high
accuracy. Finally, comparison of total ion signals in each J state
to a Boltzmann rotational distribution at room temperature
allows a determination of the relative REMPI ionization
efficiencies for each J state, which may differ by J state due to
different rates of rotational predissociation of the intermediate
REMPI state.”>*® These calibration measurements are repeated
several times per day during any other data collection to
monitor any drift in the origin or scaling behavior of the
imaging system.49’53

This technique offers several key advantages over conven-
tional unsliced 2D velocity-map imaging. First, ionization
techniques like VMI directly measure the molecule density in
the ionization region, but do not offer full vector information
on molecular flux leaving the surface. By way of contrast, the
present experiment measures all three molecular velocity
components. This allows rigorous density-to-flux conversions
to be performed, facilitating a more quantitative comparison
with mass-spectrometry-based surface-scattering experiments.
Second, the ability to image in 3D velocity space permits such
vector flux distributions to be obtained for species emerging
into the full 27 steradians above the SAM surface, which
therefore immediately provides complete differential scattering
information both parallel and perpendicular to the scattering
plane.

Of particular relevance to the current scattering geometry,
the ability to resolve the velocity component along the surface
normal allows for systematic elimination of strong ion signals
arising from the incident beam. Simply stated, this naturally
arises because HCI scattered from the surface generates ions
with upward motion (v, > 0), while ions from the incident

beam are necessarily moving downward (v, < 0). The value of
such a separation is illustrated in Figure 3, where the quite
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Figure 3. Representative v, -slice imaging of molecules with initial
upward (a) and downward (b) velocities revealing incident beam
separation. Colors simply reflect increments along the vertical axes.
The upward image contains trapping-desorption and impulsive
scattering populations, while the downward image contains the
incident beam. (See the 2D slices in Figure 6 for an even clearer
separation of TD and IS contributions.)

strong incident beam signal appears in only one negative
velocity slice (v, < 0), while the ions from scattered molecules
form broad structures across several positive velocity slices (v, >
0). Also worth noting is that these 3D velocity space images
immediately illustrate qualitative differences between the TD
and IS scattering channels. As the TD contributions have lost
all memory of the incident collision with the SAM surface, the
corresponding TD signals are centered isotropically around v, =
v, = 0, whereas the IS channel clearly peaks in the direction of
the incident beam (v, > 0). Similarly, the TD ion signals peak at
small v, &~ 0, whereas the IS scattered molecules are
preferentially scattered upward with larger v, > 0. Finally, and
most importantly, the ability to achieve such clean separation of
(i) incident and (i) scattered signals permits rigorous
normalization of all of the quantum state resolved scattered
flux contributions.

lll. RESULTS

IlILA. Low Incident Energy Leads to Pure TD
Scattering. We first consider the 3D angular/flux distributions
of scattered HCI doped into a low-energy supersonic beam
(Ejpe = 0.7(1) keal/mol), for which the incident HCI molecules
might be expected to equilibrate with the SAM surface with
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nearly 100% efficiency.” Because TD molecules by definition
thermally accommodate prior to desorption, their behavior will
depend on the surface temperature (Ts). Specifically, provided
that the probability (a) of a molecule trapping long enough to
lose memory is independent of incident energy, angle, or
internal quantum state, then detailed balance considerations
demand the desorbing densities to be a Maxwell-Boltzmann
distribution at Ts. In general, however, this trapping or sticking
probability will depend on incident energy, with the higher
collision energy molecules more likely to scatter impul-
sively.””*®* Thus, the more rigorous statement would be
that if @ & unity for the range of all thermal velocities typically
sampled, the desorbing molecules will constitute a Maxwell—
Boltzmann distribution at Ts, with velocity space densities
given by a 3D Gaussian restricted to the upper half plane (v, >
0).

Figure 4ab presents a summary of results on desorbing
velocity distributions for incident HCI seeded in argon (E, =
0.7(1) kecal/mol) and colliding with a dodecanethiol SAM at
room temperature. The distributions are analyzed with 2D and
1D Gaussian fits for (v,v,) (see Figure 4a) and v, > 0 (see
Figure 4b), respectively, which yield full width half maxima
(fwhm) values in excellent agreement with the 294 K surface
temperature. The quality of fit and agreement between the
three T, T, and T values strongly support our basic model
premise that scattering at such low incident energies is
completely dominated by trapping-desorption and thermal
equilibration. By way of additional confirmation, these
measurements have also been performed as a function of T,
with experimental temperatures arising from these velocity fits
averaged over all HCI rotational states. As shown in Figure 4c,
the results are in quantitative agreement with the actual surface
temperature range of T = 294—400 K. Simply summarized, the
present VMI capabilities establish that the TD scattering
channel for HCl + SAMs surface is accurately described by a
thermal velocity distribution at the surface temperature. By
detailed balance considerations, this implies near unity trapping
probabilities with respect to the incoming HCI for all speeds
sampled typically for a sample at Tg.%

In addition to detailed velocity vector information on the
translational degrees of freedom, the scattered HCI also desorbs
in a rotational distribution probed by state-selective REMPI
methods.”>***° If sticking probabilities are unity for all HCI
rotational states sampled, then detailed balance would predict
that rotational distributions from pure TD events should be in
equilibrium with the surface temperature. By way of
quantitative support, Figure Sa displays sample Boltzmann
plots of the outgoing rotational populations, integrated over all
3D velocities and for low (291(1) K) and high (364(1) K)
surface temperatures. For both temperature extremes, the
rotational populations are well fit to a single Boltzmann
temperature (T,,.), which in turn is in excellent agreement with
the experimental surface temperature (Ts). Again by way of
confirmation, this procedure has been performed over a series
of SAM surface temperatures, with the data plotted in Figure
Sb. Within experimental error, the results are consistent with
T.« = Ts over the full range of temperatures explored. The
combination of Figures 4 and 5 provides direct evidence that
low energy collisions of HCI from SAMs (i) stick with unit
probability, independent of rotational quantum state and
independent of velocity, for velocities populated in a Boltzmann
distribution at T, and (ii) desorb with both rotational and
translational degrees of freedom in close equilibrium with the

(a) © ™
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Figure 4. Representative v_-integrated velocity map (a) and v, profile
(b) for HCI molecules that have been allowed to thermally equilibrate
with the chamber walls. A two-dimensional symmetric Gaussian fit to
the data in (a) and a one-dimensional Gaussian fit to (b) indicate
temperatures of 291(4) and 294(5) K, respectively, in agreement with
room temperature. Measured translational temperatures at various
surface temperatures are summarized in (c). The translational
temperature consistently matches the surface temperature.

surface temperature. We note that rapid equilibration between
rotation/translation in the desorbing flux would be consistent
with the small number of collisions required for thermalization
of HCI under gas-phase conditions. Furthermore, we see no
signals from vibrationally excited HCI (v = 1, ]) at low collision
energies with our current levels of experimental sensitivity.
However, this is not surprising. If the vibrational degree of
freedom from such a TD distribution were similarly
equilibrated, the fraction of HCI (v = 1) molecules desorbing
from a room-temperature SAM surface (~1 in 10°) would be
too small to detect with our current signal-to-noise and
dynamic range.

ll.LB. TD and IS Scattering at High Incident Energy.
With both of the translational/rotational populations well
characterized under low collision energy conditions (i.e., @ = 1,
pure TD scattering), we consider the more complex scattering
dynamics at higher energy, which now must include the
possibility of nonequilibrium, impulsive scattering (IS) events.
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Figure S. Boltzmann plot of rotational populations from a E; . =
0.7(1) kcal/mol expansion at two different surface temperatures (a),
and summary of HCI rotational temperatures at various surface
temperatures (b). All measured HCl temperatures agree with the
surface temperature to within the stated experimental uncertainty,
consistent with detailed balance expectations with unity sticking
coefficient for thermally populated internal and translational states.

It is often stated that the impulsive scattering (IS) channel
reflects interactions with the surface of “insufficient” duration to
lose all memory of the incident collision.””*”®" This certainly
captures one essential idea, but is experimentally ambiguous as
to the meaning of insufficient. For example, if what we call the
IS channel were fortuitously to yield an exact thermal
distribution in equilibrium with the surface, such events
would be indistinguishable from (and therefore absorbed
into) the TD channel. An operationally more useful and, one
might argue, the only meaningful description of the IS channel
is that it reflects all deviations from pure TD behavior. We
know from the above that pure TD «x/y velocity components
for HCI + dodecanethiol SAMs scattering are quantitatively
predicted by a 2D (v,, v,) Gaussian distribution evaluated at Ts.
Furthermore, it is physically reasonable to expect negligible
contamination from the IS channel in the back half plane (v, <
0) for scattering at such grazing 75° incidence. Thus, one can
extract the nearly pure TD component by performing 2D
Gaussian fits of the back half plane velocity events [v, < 0] to a
Maxwell—Boltzmann distribution at some temperature T, as
shown in Figure 6. Note that any assumptions can be
independently tested by both (i) fit quality in the back half
plane as well as (ii) agreement with the surface temperature
(ie, T = Tg). The impulsive scattering signals are then most
simply obtained by difference between total signal and the 2D
Gaussian fit for all v,. In summary, the 27 velocity mapping
imaging methods described in this work build on and extend
some of the pioneering efforts in angle resolved rare gas atom
scattering at metal surfaces®® and offer an especially valuable,
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Figure 6. Example separation of an E;,. = 17(1) velocity map into TD
and IS components. An 80 m/s wide slice along the x-axis produces
the profile shown with the fitted region, v, < 0, highlighted.

first-time capability for 3D separation of the TD and IS
scattering flux contributions for molecular colliders as a
function of internal rovibrational quantum state.

As the simple corollary, we can integrate over all final 3D
velocities [v,, v,] [v, > 0] and consider the TD and IS internal
state populations of the scattered HCl molecules. It is worth
noting that analysis of the rotational populations arising from
the combined TD and IS scattering channels at high energies
has frequently invoked fits to a two-temperature rotational
distribution, with one temperature often fixed at the surface
temperature (corresponding to the TD portion), and the other
allowed to float (correspondin% to a much hotter, albeit thermal
IS rotational distribution).”””*** The powerful advantage of
such velocity-map methods is that they now allow unambiguous
separation of each J-state resolved image into TD and IS
components, without any prior assumptions imposed on the
rotational distributions, and thus offer an opportunity for
independent validation of such a two-temperature analysis. By
way of example, Figure 7a and c displays sample Boltzmann
plots for experimental rotational populations extracted
separately from the least-squares fitted TD and IS components.
Each yields a rotational distribution well-characterized by a
single temperature out to E, & 1600 cm ™" (i.e,, >7 kT). Least
squares fits to the isolated TD populations return temperature
values (Trp = 293(7)K) in excellent agreement with the
measured SAMs surface and indeed as expected for fully
thermally equilibrated collisional interactions. Even more
notably, the IS rotational states also appear Boltzmann in
character, with a hyperthermal albeit temperature-like distribu-
tion quantitatively consistent with those obtained from
simultaneous two-temperature fits to the total quantum state
populations. It warrants mention that such simplicity in the IS
rotational distributions neither implies nor requires similar
simplicity in the corresponding translational flux distributions,
which in fact are highly anisotropic and strongly forward
scattered in the near specular direction.

Although we have seen evidence for this in a number of
previous spectroscopic studies of gas—liquid scattering
dynamics,”**”**>* it is worth emphasizing that this is a
very surprising result. Indeed, it is simply not obvious why the
IS component of the HCI rotational populations should
conform so well to some hyperthermal Boltzmann distribution,
with temperatures (Tjg = 930(20) K) much higher than Ts. As
one of many alternative scenarios, for example, one might have
expected distributions more reminiscent of rotational rainbow
effects evident in gas-single crystal scattering studies.”>*>36263
Of course, it could simply be that the greater roughness of the
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Figure 7. Example separation of an ion image into TD (blue) and IS
(red) populations (b), together with single-temperature fits to the
rotational distributions of the individual TD (a) and IS (b)
populations. Each population is well described by a single rotational
temperature, with the TD population matching the surface temper-
ature and the IS population much hotter.

surface due to capillary wave excitation®® blurs any such
rainbow effects. Yet if so, this does not explain why the HCI
rotational distributions would appear so thermal out to such
high kT values of internal energy (see Figure 7c). One simple
physical picture could be that the dynamics arise from localized
heating of the SAM surface by high-energy impact of the gas
molecule impact, producing a local “hot spot” with which the
molecule might be rotationally heated on the accelerated time
scale of an IS event.”” We will return to this idea in the
Discussion section. In any event, the ability of VMI methods to
independently extract the TD versus IS components by
backscattered final velocities provides unambiguous support
for the existence of hyperthermal albeit Boltzmann rotational
distributions in the IS channel, which in turn must signal the
presence of simplifying dynamical constraints in the gas-SAMs
rotational excitation process. Clearly higher level theoretical
investigation will be necessary to explore these issues further,
toward which we hope these quantitative results on such a
simple model system may offer sufficient stimulation.

As a final comment for the Results section, the vibrational
spacing for HCl is hw, ~ 8.5 kcal/mol, and thus collision
conditions (E;,. = 17(1) kcal/mol) are sufficient to populate up
to HCI(v = 2). Despite such energetic accessibility, we do not
detect any vibrationally excited HCI at these high collision
energies, with HCI(v = 1) populations down from HCl(v = 0)
by at least 1000-fold and below our current limit of our

experimental sensitivity. There is, however, very good reason to
expect this process to be vibrationally adiabatic. Specifically, the
period for HCI vibration (T & 12 fs) is 2 orders of magnitude
shorter and therefore very poorly matched with the picosecond
time scale”™** of any impulsive interaction with the surface,
rendering vibrational excitation extremely inefficient. Thus, as
was the case for low incident energy, neither appreciable
vibrational excitation nor relaxation is anticipated and is indeed
not observed. The vibrational degree of freedom acts like a
spectator in the dynamics, which is entirely consistent with the
previous vibrational excitation inefficiency’”** noted for even
4-fold lower frequency bend excitation in CO, (hw, ~ 1.9
kcal/mol) via hyperthermal collisions at the gas—liquid
interface.

IV. DISCUSSION

IV.A. Sticking Coefficients. One crucial piece of
information available from our analysis of the signals is the
fraction of hyperthermal collisions that proceed by TD vs IS
(or, equivalently stated, the non-TD) channel. Note that these
VMI signals are collected with near unity quantum yield in full
27 steradians, which therefore includes both in-plane and out-
of-plane scattering contributions into any final solid angle. This
represents a crucial advantage over previous mass spectrometric
studies, which typically probe in the scattering plane (with
notable heroic exceptions),6’7’15’16’21’26’66'68 often in a fixed,
near specular direction and always restricted to some angular
range outside of the incident beam. Indeed, for molecular
projectiles amenable to REMPI detection, this highly multi-
plexed, high throughput VMI capability also significantly
outstrips capabilities from previous quantum state resolved
studies in our group based on high-resolution direct
absorption””** and laser-induced fluorescence®” spectroscopic
methods. Of particular importance, the ability to isolate, probe,
and quantitatively compare incoming versus scattered signals by
DC slicing and integrating over v, < 0 or v, > 0 acceptance
windows permits one to rigorously measure the fraction of
incident HCI flux that reappears in the scattering distributions
under the steady-state conditions of a &~ 200 us long gas pulse.
For the present study of dodecanethiol SAMs, this recovery
fraction is found to be >99.5(0.7)%, that is, unity within
experimental uncertainties. For future reference, we note that
this is definitely not always the case, and can be substantially
less than unity for HCI scattering on “high pK,” amine
terminated SAMs or H/D proton exchange on “low pK,”
COOH terminated SAMs, respectively.

Furthermore, the current velocity-map imaging capabilities
also offer two independent ways to compute the sticking
coefficient for HCl on hydrocarbon SAMs at a particular
incident energy. Specifically, @ can be obtained via amplitude
ratios either in (i) a “two-temperature” (i.e, TD + IS) fit to
rotational populations and then integrating over all velocities
(labeled “rotational populations” in Figure 8ab), or by (ii)
deconstruction of each image into TD and IS portions (by
least-squares fitting TD fractions to the back half plane
velocities) and then summing over all final J states in each
channel (labeled “ion images”). Figure 8a and b displays the
resulting sticking coefficients obtained for HCI expansions as a
function of incident beam energy (E;.) by varying the gas
diluent [H, (17(1) kcal/mol), He (13(1) kcal/mol), Ne-70
(5(1) kcal/mol)] for a constant HCl mole fraction. As
expected, molecular projectiles with greater incident energies
systematically exhibit a smaller propensity for trapping—
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Figure 8. Sticking coefficients obtained directly from separation of TD
and IS components in ion images and from two-temperature fits, at
various HCl incident energies, and analyzed according to (a) single
collision and (b) multiple collision models (see text for details). The
sticking coeflicient decreases with incident energy, with a 1/e energy of
34(4) kcal/mol.

desorption events, and thus bounce promptly off the surface to
yield lower sticking coefficients.

We offer two very simple physical models with which to
characterize this drop in sticking coefficient () with increasing
incident energy. First, we consider a “single collision” model,
which proposes that the requisite momentum loss to
accommodate on the surface occurs in a single interaction,
but treats this interaction in a statistical fashion. A molecule
with incident momentum p, component perpendicular to the
surface normal (and corresponding “normal” energy E, = p.?/
2m) encounters an attractive well of depth E, o, and thus must
dispose of a total energy E,* = E, + E, upon striking the
SAM surface. If we assume arbitrarily that this energy
randomizes uniformly between [0, E,** ] in this single collision
and therefore escapes only if the resulting energy is greater than
the well depth, then the surface trapping probability can be
readily shown to be a = E,i/E, + E,. Analysis of the incident
energy-dependent sticking coefficients to this single collision
model is presented in Figure 8a, where the dotted line
represents a least-squares fit to the data and exhibits reasonable
agreement with the experimentally observed trends. Although
quantitative agreement from such a heuristic model is not to be
expected, it is worth noting that the inferred value for E, =
2.3(1) kcal/mol is within a factor of 2 of our ab initio
CCSD(T)/vnZ-f12 predictions of the 1D well depth for HCl
approaching a methyl-terminated hydrocarbon (Eccgp(ry & 1.2
kcal/mol).

In a slightly more sophisticated “multiple collision” model,
we assume that the incident molecule undergoes many
sequential collisional interactions with the surface, each
removing an energy (AE) from the projectile and each
providing a new opportunity for ejection. The probability per
interaction resulting in ejection is p, with conversely a (1 — p)
probability per interaction for remaining on the surface. The
TD channel therefore corresponds to loss of all incident
projectile energy without being ejected. Stated alternatively, to
trap quasi-irreversibly on the surface, a molecule must survive n
~ E/AE collisions of probability (1 — p), which therefore
happens with a net probability:

Pp=a=(1-p)"* = (1 - (pE/AE/n))"
~ exp(—pE/AE)

where the final expression in terms of an exponential is exact in
the limit of n = E/AE > 1. This model makes two simple
predictions: (i) the sticking coefficient a decays exponentially
with the incident energy and (ii) the characteristic decay rate
(p/AE) reflects the probability of ejection per unit energy loss
in a single collision. If we apply this model to the experimental
data on a for hyperthermal collisions of HCI with a C,, SAM
surface (see Figure 8b), we also find a similarly respectable fit,
with p/AE = 0.029(5) mol/kcal and therefore predicting a
characteristic collision energy of 34(4) kcal/mol for a 1/e loss
in a. Although the current seeded pulsed valve experiments are
limited to a relatively modest range of collision energies (Ej,. <
20 kcal/mol), it would be interesting to systematically test
predictions of such models with the much higher collision
energies accessible, for example, from laser photolysis methods
of McKendrick’®®”° or CO, laser detonation sources of
Minton and co-workers.”” %%

IV.B. Energy Redistribution in the IS Channel. In
addition to vector characterization of the scattered velocity
distributions, the present quantum state resolved VMI methods
also make it possible to investigate potential correlation for
scalar energy transfer between external (i.e., translational) and
internal (i.e,, rovibrational) excitation of the HCI. Data on the
fractional energy transfer into rotation and translation are
summarized in Figure 9, which indicate a roughly linear scaling
with incident energy and therefore slopes that report on the
efficiency for transfer into a particular degree of freedom. The
outgoing HCI clearly retains nearly one-half (.., = 48(7)%)
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Figure 9. Summary of collisional energy redistribution in the IS
channel for various incident energies. The departing molecules have
on average 44(7)% of their incident energy in the translational degree
of freedom, and 6(2)% in rotation.
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of the incident energy in translation, with only a small fraction
(Yror = 6(2)%) being converted to rotational excitation and the
energy difference (¥, = 46(8)%) lost to collisional heating of
the SAM surface. This predominance of translational versus
rotational pathways for energy transfer is in stark contrast with
comparable studies of CO, scattering from hydrocarbon liquids
such as squalane,”” ~***" for which the incident energy of the
projectile was found to be more comparably converted into
rotational (y,,, = 34(3)%) and translational (y,..s = 26(3)%)
degrees of freedom, with a similar remainder (yj,, = 40(5)%)
of the incident energy deposited into the liquid interface.

There may be several mechanisms contributing to this
qualitative difference in rotational/translational energy branch-
ing behavior, each based on the significant differences in
rotational constants for the two projectiles, By ~ 10.5 cm™,
Bcop & 0.4 cm™'. Let us suppose the projectile scatters by
means of a single brief interaction with the surface, and the
same impulse is applied to each molecule. The incident HCIl
and CO, molecular beams are cooled mostly down into the J =
0 rotational state, which, if we can simply neglect steering of the
molecule by long-range attractive forces,"””" would imply an
isotropic orientation of the first interaction. CO, dynamics will
therefore be dominated by O atom collisions striking the
surface, producing a classical lever arm on the order of the CO
bond length (rco = 1.16 A).”> Conversely, HC has its center of
mass very close to the Cl atom, with surface collisions of the
much larger Cl target atom resulting in a my/myc & 0.028X
smaller moment arm. Consequently, even for equal impulses
applied to each molecule, CO, experiences a larger average
torque than HCI, thus producing more efficient transfer of
incident translational energy into rotation.

Furthermore, there can also be subsequent collisional
dynamics of HCI and CO, molecules with similar rotational
excitation from a first collisional interaction with the surface.
Because HCI has the larger rotational constant (Byg = 10.5
cm™!, Beoy & 0.4 cm ™), for a given rotational energy it will be
classically rotating ~5.1 times faster than CO,. Thus, for typical
1-2 ps collision time scales at the gas—liquid interface,””~** the
proton end of the HCI will have a substantially greater
probability of rotating and striking the surface a second time,
therefore receiving a collisional torque in opposition to the
initial rotational excitation. The HCI versus CO, populations
thus (i) start with lower rotational excitation on average, and
(ii) have additional opportunities to reduce this energy further
through secondary collisions with the gas liquid interface. A
direct test of these simple models would be comparison of
fractional energy deposition for HCI and DCI projectiles, for
which the rotational constants differ by nearly 2-fold but the
intermolecular potential for collisional interaction with the
liquid surface is essentially identical.

C. 3D TD and IS Flux Distributions. As a final point of
discussion, the complete 3D velocity information provided by
DC-sliced VMI methods allows for direct determination of the
outgoing molecular flux as a function of solid angle. The desired
flux may be computed as follows. The velocity maps provide a
direct measurement of p(vx,vy,vz), the density in velocity space
of molecules leaving the surface with a particular 3D velocity v
= (vy¥,v.) and in a volume element dv, dv, dv,. The vector flux
of molecules is then vp(v,,v,v,) or vp(v,0,) when equivalently
transformed into spherical coordinates. Sufficiently far from the
scattering center, the total flux into a given solid angle may then
be obtained from an integral over all scalar speeds:

F(O, §) = /0 " up(v, 0, p)v* dvsin(0) d6 dip

which can be evaluated numerically.
Examples of the resulting flux distributions for low and high
incident energies are presented in Figure 10 and reveal several

0.8(1) kcal/mol

Figure 10. Relative molecular flux leaving the surface, integrated over
all speeds and J-states at each solid angle, for (a) pure-TD events
(surface probed by HCl seeded in Ar) and (b) TD + IS events (surface
probed by HCl seeded in H,). Flux distributions for individual J-states
differ in details but look relatively similar.

interesting features. First, in the absence of any exit channel
barriers to desorption, detailed balance considerations require
that the flux distribution for all HCI molecules, which have
equilibrated with the surface (i.e., the TD scattering
component), should reflect a pure cos(¢) distribution. Figure
10a shows a plot of the experimentally measured outgoing flux
distribution for HCI seeded in Ar (E,. = 0.7(1) kcal/mol),
which, from the above translational and rotational distributions
as a function of T, has been demonstrated to exhibit essentially
pure-TD scattering behavior at all liquid temperatures. In
agreement with this expectation, the measured flux distribution
clearly comprises a sphere that touches the velocity origin and
extends in the +z direction, providing direct confirmation of a
cos(0) distribution characteristic of barrierless TD collisional
events.

The corresponding angular flux distributions for high energy
(17(1) kcal/mol) scattering events are shown in Figure 10b. In
this case, the distribution is again quite spherical for v, < 0, as
would indeed be expected for molecules solely appearing in the
back half plane (v, < 0) from TD events. On the other hand,
the distribution is now strongly asymmetrical, with a high
propensity for lobular scattering into the forward half plane and
at a slightly subspecular angle of 60(10)°. This result agrees
quite nicely with previous results inferred from Dopplerimetry-
based measurements of CO, flux departing from perfluorinated
liquid surfaces, which was consistent with symmetrical
distributions for scattering at normal incidence, and pro-
gressively more peaked, lobular distributions with increasingly
grazing angle of incidence.””*" However, because such high-
resolution Dopplerimetry measurements inform only on the
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velocity component parallel to the probe laser direction, it is
worth noting that such studies require sampling of multiple
scattering geometries and are often completely insensitive to
the velocity component normal to the liquid interface. By way
of contrast, the present velocity map imaging capabilities
constitute by far the more powerful and general approach,
which provide information on all three translational degrees of
freedom, allow for a completely rigorous density-to-flux
transformation, as well as permit straightforward separation of
the resulting quantum state resolved fluxes into TD and IS
components.

V. SUMMARY AND CONCLUSION

Resonance-enhanced multiphoton ionization coupled to DC-
sliced velocity-map imaging enables measurement of surface
scattered molecular distributions with unprecedented detail.
Measurement of the full scattered velocity distribution provides
methods to separate the incident beam, trapping-desorption
channel, and impulsive scattering channel. Direct separation of
TD and IS offers a new avenue to precisely measure sticking
coefficients, and the behavior of these sticking coefficients with
varying energy gives insight into the detailed dynamics of
energy transfer from incident molecules into the SAM surface.
Correlated velocity and internal quantum state measurements
provide a unique confirmation of the accuracy of two-
temperature fits to scattered rotational distributions. These
same correlated measurements also allow measurement of the
rapid redistribution of energy among different degrees of
freedom during impulsive scattering events, with significant
energy being transferred to the surface or remaining in
translation and only modest rotational excitation, in stark
contrast with similar measurement for CO,-liquid scattering.
Full velocity information also allows for rigorous conversion
between molecule density and flux for either the full outgoing
distribution or the TD and IS channels separately, and thus for
straightforward analysis of IS scattering-angle effects. The
measured angular distributions for the molecular flux have been
shown to match the anticipated cos(#) distribution for TD
dominated events at either low energy or scattering into the
back half plane (v, < 0), but with the IS component exhibiting a
strongly anisotropic, forward-scattered lobe peaking at near but
slightly subspecular angles.

The breadth and flexibility of this technique offer
considerable opportunities for further detailed exploration
into collision dynamics at gas—liquid and gas—SAM interfaces.
For example, sticking-coefficient measurements can provide
information about how the interfacial surface characteristics
change as a function of SAM alkyl chain length or headgroup.
For example, longer saturated hydrocarbon chains might be
expected to produce softer surfaces, with a dependence on the
odd versus even chain lengths due to different orientations of
the methyl head groups.*”*”* Conversely, hydrogen bonding
between hydroxylated SAMs head groups may lead to a more
strongly coordinated surface, with a corresponding increase in
interfacial stiffness of the SAM canopy.””*” Scattering with
DCI/HCI beams can be used to probe for proton exchange at
various chemically modified (e.g, OH-, NH,-, or COOH-
terminated) SAM surfaces.”**** Stereodynamics at the surface
may also be investigated by means of polarized REMPI laser
excitation, which in turn allows for investigation of the final M;
distributions and thus torques experienced by molecules leaving
the surface.””~*" Critical to all such investigations would be the
unprecedented access offered by VMI methods to correlated

3D translational and internal quantum state distributions in the
scattered molecular flux.
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