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ABSTRACT: Room temperature ionic liquids (RTILs) offer an
extremely promising new class of solvents with chemical control of
bulk gas solubility, but surprisingly little is known about detailed
molecular scale interactions at the gas−liquid interface. In this work,
quantum state-to-state resolved collision dynamics at the gas−liquid
interface are studied by scattering a jet-cooled molecular beam of
ground state NO(2Π1/2; N = 0) molecules from 1-butyl-3-
methylimidazolium bis(trifluoromethylsulfonyl)imide (i.e.,
[bmim]+[Tf2N]

−) RTIL, with the resulting rovibronic state
distributions probed via laser-induced fluorescence as a function of
incident collision energy (Einc) and surface temperature (Ts).
Significant excitation is observed from ground (2Π1/2) to excited
(2Π3/2) spin−orbit states, highlighting the presence of electronically
nonadiabatic effects at the gas−RTIL interface sensitive to both Einc and Ts. At low collision energies (Einc = 2.7(9) kcal/mol), the
two spin−orbit manifold rotational distributions are well described by a single temperature, but with (i) Trot(

2Π1/2) consistently
30 K lower than Trot(

2Π3/2), and (ii) both temperatures lower than Ts. At high collision energies (Einc = 20(6) kcal/mol), the
rotational populations are well fit to two-temperature “trapping-desorption” (TD) and “impulsively scattered” (IS) distributions,
with the branching ratio into the TD channel (α) for 2Π1/2 consistently higher than that for the spin−orbit excited 2Π3/2 state.
From detailed balance considerations these rotational temperatures, in both the low collision energy and TD component of the
high collision energy scattered flux, imply the presence of electronic and rotational state dependent trapping-desorption
probabilities and provide new theoretical challenges to high level modeling of collision dynamics at the gas−RTIL interface.

I. INTRODUCTION

The surface of a liquid represents an unusually complex and yet
intensely relevant nanoscale environment for chemistry, the
further elucidation of which is currently one of the major
frontier challenges for the chemical physics community.
Detailed molecular energy transfer and molecular dynamics at
gas−liquid interfaces are crucial to understanding chemical
pathways such as (i) gas adsorption, accommodation, and
dissolution into liquids, (ii) reactive processing of atmospheric
aerosols, and (iii) heterogeneous gas−liquid catalytic pro-
cesses.1−4 Indeed, energy transfer from one molecule to
another via inelastic scattering represents a fundamental
collisional process that, when coupled with molecular scattering
experiments, can yield important insights into both the
structure and dynamics of liquid interfaces.5 The energy
transfer between translational, rotational, vibrational, and
electronic degrees of freedom of a gas projectile and the liquid
surface has been probed with the combination of time-of-flight
mass spectrometry and universal detection methods.6−10

Additional information has been obtained at the quantum
state level arising from more recent laser-based techniques such
as direct IR absorption, multiphoton ionization/velocity map
imaging, and laser-induced fluorescence.11−18 In close con-

junction with molecular dynamics simulations,6,19−22 these
experiments have begun to elucidate probabilities for gas
molecules sticking/dissolving/desorbing or directly scattering
at liquid surfaces. In particular, the synergism between
experimental and theoretical efforts has provided substantial
evidence for a simple physical picture of microscopic branching,
whereby incident gas molecules transfer some of their
translational energy and can either (i) transiently trap on the
surface, thermalize, and desorb (trapping-desorption, TD) or
(ii) scatter more or less directly from the surface without
complete loss of initial collision conditions (impulsive
scattering, IS).5,9,14,15,20 Knowledge of such interactions is
crucial to developing a better predictive understanding of
dynamical processes at gas−liquid interfaces, most notably the
kinetics and thermodynamics of adsorption/solvation of gases
into the liquid phase.1,23,24

To both explore and exploit such fundamental under-
standing, it is particularly useful to have “tunable” solvent
systems for study, such as afforded by room temperature ionic
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liquids (RTILs). As the name implies, RTILs represent a novel
class of designer solvents that are liquid at room temperature
and yet exhibit extremely low vapor pressures due to strong
cation/anion Coulomb interactions. These molten ionic salts
are versatile, green solvents due to their high solubility, low
vapor pressures, and chemical and thermal stability. Most
importantly, by changing either the cation or anion structure, or
even altering a functional group within an ion, the properties of
ionic liquids can be tuned to selectively dissolve specific
molecules, with an enormous range of potential applications in
electrochemical, biological, analytical, and engineering
fields.25,26 More specifically, RTILs are being developed for
use in fuel cells,27 solar panels,28 electrolytes in batteries,29 drug
delivery,30 and a variety of extraction schemes.31,32 By way of
examples, commercial separation of H2 from CO in steam gas
reformation, or CO2 sequestration from power plants based on
differential solubility in RTIL solvents are actively being
considered,32−35 for which a detailed understanding of the
gas−RTIL interface would obviously be a crucial first step. One
parallel direction of keen interest is the investigation of open
shell, radical systems, which now introduce the role of non-
Born−Oppenheimer surface hopping between multiple elec-
tronic states as well as differential chemical reactivity and even
potential prospects for stereochemical dynamics.36−39

In order to explore such issues, we have developed novel
capabilities for probing internal rovibronic energy distributions
of open shell NO molecules scattered at the gas−ionic liquid
interface. Nitric oxide is an open shell radical with nonzero total
angular momentum and multiple low-lying electronic states,
which allow the electronic degree of freedom in a gas−liquid
molecular scattering experiment to be explored. The scattered
molecules are probed with laser-induced fluorescence (LIF) in
the ground X(2Π) electronic state, which is composed of spin−
orbit ground (2Π1/2) and excited (2Π3/2) state manifolds
separated by a spin−orbit splitting of ESO ≈ 123 cm−1.40 For
low end-over-end tumbling angular momenta (N), energy
differences between NO rotational states (≈ 2BNON) are small
with respect to ESO. Thus, both electron orbital and spin
angular momenta are strongly coupled to the NO internuclear
bond (i.e., Hund’s case (a)), with the total angular momentum
projection along the internuclear axis (Ω = 1/2, 3/2) as a good
quantum number. Within each spin−orbit state submanifold,
there are also two weakly split Λ-doublet states of opposite
overall parity, which semiclassically correspond to the half-filled
orbital either parallel (e) or perpendicular ( f) to the plane of
rotation.41 Most importantly, all four electronic states for each
rovibrational NO(v,J) can be independently detected by UV-
laser-induced fluorescence on the A(2Σ+) ← X(2Π) band. This
permits exploration of surface hopping between these low-lying
electronic states arising from collisions at the gas−liquid
interface. As will be seen in more detail, this provides an
especially interesting molecular probe of electron dynamics
during a collisional event, which can be of particular relevance
to liquid systems with high charge densities such as surface
anions in ionic conductors like RTILs as well as free electron
carrier motion in molten metals.36,37

Recently, a number of experimental and theoretical studies
have explored the gas−RTIL interface, with imidazolium-based
ionic liquids being of specific interest due to their wide range of
applications.25,26,33,42 One particular focus of such research
efforts has been on microscopic surface composition,
specifically the relative abundance of anions and cations at
the interface, as well as the placement and orientation of

functional groups.16,17,22,43−46 For example, surface tension
measurements43 as a function of bulk composition provided
early insights into the synergism between van der Waals,
hydrogen bonding, and electrostatic interactions at the
interface. At a more refined molecular level, the surfaces of
these liquids have been probed with nonlinear χ(2) methods
such as sum frequency generation spectroscopy (SFG),43,47,48

which by virtue of phase matching constraints only probes
molecules within the first few monolayers of the gas−liquid
interface, while rejecting contributions from deeper into the
bulk. Similarly, angle-resolved X-ray photoelectron spectrosco-
py (ARXPS) methods have also been used to explore the
composition at the gas−RTIL interface, exploiting angle and
kinetic energy resolved escape of electrons into the vacuum
from molecules within one electron scattering length from the
surface.44−46,49

Inelastic16,18 and reactive6,12 molecular scattering experi-
ments offer particular advantages in probing only the topmost
molecular layer and which therefore have provided valuable
data for molecular interactions at the gas−RTIL interface as
well as help characterize the composition and orientation of
molecules present at the surface. For example, hydrogen
abstraction scattering methods (e.g., O(3P) + liquid surface →
OH(2Π) or F(2P) + liquid surface → HF)6,12,50 have been
especially useful in characterizing the presence of alkyl
hydrocarbon species at RTIL surfaces,2,4,38 while inelastic
scattering experiments can explore interfacial properties via
composition-dependent energy transfer into internal degrees of
freedom of the projectile.16,18 In conjunction with theoretical
calculations,6,22 such experiments have shown that alkyl chains
on imidazolium cations near the surface act quite hydrophobi-
cally and preferentially point into the vacuum. Furthermore,
theory predicts a significant thermodynamic propensity for
bulky anions to preferentially occupy the topmost layer, which
therefore compete with larger alkyl chains for surface sites.22

This naturally leads to a balance in thermodynamic driving
forces between anion size and alkyl chain length for the top
surface layer, which in turn can control the degree of
hydrophobicity in the gas−liquid interfacial region. Indeed,
the relative abundances of anions vs cations, as well as different
functional groups within each of these ions, clearly must
influence the energy transfer and collision dynamics for
incident gas molecules striking the RTIL surface.
Of particular interest is the potential role of partial electron

transfer between interfacial ions and colliding projectiles at the
gas−RTIL interface, which could be especially relevant when
considering nonadiabatic surface hopping effects in open-shell
NO + RTIL collision dynamics.36 RTILs comprise a complex
liquid mixture of nevertheless strongly interacting ions and as a
result exhibit interesting surface electronic properties that can
be explored using XPS, ultraviolet photoelectron spectroscopy
(UPS), and soft X-ray emission spectroscopy (SXES).51

Because of finite electron scattering lengths, SXES and UPS
are both interfacial region-specific techniques that can probe
the valence band of liquids with low vapor pressures, which
Kanai et al. have exploited to suggest that the HOMO (highest
occupied molecular orbital) state in [bmim]+[Tf2N]

− is
delocalized over both cation and anion species.52 Interestingly,
this conclusion was found to be anion dependent over a series
of imidazolium-based RTILs. For example, the HOMO and
LUMO (lowest unoccupied molecular orbital) states are
thought to be localized primarily on the cation for
[bmim]+[BF4]

− and [bmim]+[PF6]
− RTILs, but which
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contrasts with what has been reported for [bmim]+Cl− and
[bmim]+Br− RTILs, where the HOMO is attributed primarily
to the anion. Indeed, this would also be consistent with typical
inorganic ionic liquids like molten NaCl, where the top valence
band is localized on the Cl− anion.53 However, this also invites
comparison with bulky anions such as [TF2N]

−, for which
molecular orbital calculations on [bmim]+[Tf2N]

− suggest that
the HOMO is energetically higher than the valence band. This
can be rationalized on the basis of the Madelung potential for
each ion, e.g., energy level shifts due to electrostatic
destabilization of the [bmim]+ cation molecular orbitals by the
surrounding RTIL environment, whereas the molecular orbitals
of the anion become preferentially stabilized.52,54 This is
particularly relevant with open shell radical projectiles like NO,
for which nonadiabatic effects can play a large role in gas−
liquid collision dynamics, with the further intriguing possibility
of transient electron transfer amplitude in the interfacial region.
The present work represents a systematic study of quantum

state resolved scattering of NO from the gas−[bmim]+[Tf2N]
−

RTIL interface. The organization of this paper is as follows. In
section II, we provide a brief overview of relevant aspects of the
experiment, followed in section III by results and analysis on
quantum state resolved final rovibronic distributions as a
function of (i) incident collision energy and (ii) RTIL surface
temperature. As a key observation, we see evidence for strongly
nonequilibrium as well as nonadiabatic dynamics in the
scattered flux, both at low (2.7(9) kcal/mol) and hyperthermal
(20(6) kcal/mol) collision energies. This is followed in section
IV by a discussion of possible origins for such nonthermal,
surface hopping phenomena. This is aided by preliminary
MOLPRO CCSD(T) and multireference calculations of ab
initio equilibrium geometries and well depths for the simple
model NO + Cl− collision system, with summary and
conclusions presented in section V.

II. EXPERIMENTAL SECTION
A brief description of the experimental setup is described
herein, with more thorough descriptions found in previous
studies on NO scattering from liquid gallium and imidazolium-
based RTILs.17,18 A collimated molecular beam of NO is
directed at a liquid reservoir, and the scattered molecules are
detected with rovibrational, electronic spin−orbit, and Λ-
doublet state resolution. An illustration of the experimental
setup is shown in Figure 1, where the [bmim]+[Tf2N]

− liquid
surface displayed is based on quantum mechanics/molecular
mechanics (QM/MM) molecular dynamics simulations by
Schatz et al.22 The incident molecular beam is supersonically
expanded from an Evan−Lavie pulsed valve (100 μm diameter
pinhole, 3000 Torr backing pressure, 80 μs pulse width) and is
rotationally and electronically cold; all NO molecules are in the
ground spin−orbit state (2Π1/2), with equal Λ-doublet
populations, and a rotational temperature ≈ 1 K (as shown
in previous work17), corresponding to ∼95% of the NO
molecules in the 2Π1/2, N = 0 state. Within the limit of our LIF
detection sensitivity (1 part in 104), we detect no vibrationally
excited NO molecules in the incident beam. The molecular
beam is composed of 1% NO/99% buffer gas, using H2 or Ne-
70 (70% Ne, 30% He) in order to vary Einc from 2.7(9) up to
20(6) kcal/mol, respectively, with ≤1% NO in the buffer gas
optimized to eliminate dimer formation. The molecular beam
passes through a 3 mm skimmer 5.3 cm downstream from the
valve orifice and travels another 8.6 cm to the surface, where
the collimated beam strikes the surface at a 45° angle on a 0.8

cm × 1.1 cm area spot size. The gas−liquid molecular scattering
occurs in a 96 L stainless steel vacuum chamber with a 1500 L/
s turbopump, which establishes a base pressure of 2 × 10−8

Torr.
Scattered molecules are state-selectively detected using laser-

induced fluorescence (LIF) by electronically exciting NO
molecules via the γ-band (A(2Σ+) ← X(2Π)) with a UV pulsed
laser and imaging the fluorescence back down to the 2Π ground
state on a photomultiplier tube (PMT). A pulsed UV light
source is generated by tripling the output of a YAG-pumped-
dye laser, operating at 10 Hz with LDS-698 dye. The resulting
light is ∼225 nm with 0.4 cm−1 line width, with pulse energies
≤5 μJ/pulse to avoid saturation of LIF transitions. The range of
laser intensities is confirmed against studies of NO room
temperature distributions and further checked for clustering
effects by curve of growth measurements. The dye laser is
scanned over an 800 cm−1 range in order to detect all electronic
spin−orbit, Λ-doublet, and rovibrational states (J ≤ 45.5)
significantly populated. The fluorescence signal on a PMT is
electronically gated in time and normalized to the laser energy
for each pulse. The laser beam runs parallel to the surface (1.6
cm above the surface) and in the plane of specular scattering
and is delayed approximately 200 μs (varies with Einc) in time
with respect to the gas pulse, which is chosen so that molecules
are detected at the peak of the scattered NO signal. A 1:1
confocal lens imaging setup with a 4 mm iris collects the
fluorescence for a well-defined volume of scattered molecules
(∼15 mm3), the size of which is determined by the diameter of
the iris and the laser beam width/height. The spot size of the
incident gas molecules on the surface, along with the LIF
detection volume, results in the range of scattered angles
detected at θscatt = 45 ± 10°, with some preliminary scattering
angle studies obtained at normal incidence (θscatt = 0 ± 12°). It
is worth noting that any such fluorescence detection measures
the density rather than the flux of scattered molecules, which
therefore proportionally underrepresents flux for species with
larger velocity components perpendicular to the laser probe
direction.

Figure 1. Dynamics at the gas−RTIL interface are probed by directing
a molecular beam of supersonically cooled NO at RTIL liquid surfaces
and detecting scattered molecules with full quantum state resolution.
All incident NO molecules are in the ground spin−orbit state (2Π1/2)
and are rotationally cooled (Trot ≈ 1 K), while rotational levels up to J
= 45.5 for both ground and excited spin−orbit states are detected in
the scattered molecules after collisions with the surface. The liquid
studied is 1-butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)-
imide (i.e., [bmim]+[Tf2N]

−), where [bmim]+ and [Tf2N]
− are shown

in black and gray, respectively, in the simulated RTIL interface
calculated by Schatz et al.22
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The liquid surface studied herein is [bmim]+[Tf2N]−

purchased from Iolitec with 99% purity. The RTIL material
was degassed with moderate stirring and heating at ∼60 °C for
a minimum of 6 h while being pumped on with a liquid
nitrogen cold trap to remove trace amounts of gaseous species.
The degassed liquid is placed in a stainless steel crucible with a
4.4 × 2.4 × 0.5 cm3 reservoir. Resistive heaters can heat the
crucible to Ts ≤ 900 K, though for [bmim]+[Tf2N]

− the
accessible range is limited to Ts ≤ 373 K due to increase in
vapor pressure with temperature.55 Although the bulk of the
experiments have been performed for a stationary liquid
surface, the results are consistent with data obtained under
conditions where the interface is periodically skimmed in vacuo
every 5 min.

III. RESULTS AND ANALYSIS

A sample spectrum with typical S/N for NO scattered from
[bmim]+[Tf2N]

− at Einc = 20(6) kcal/mol is shown in Figure
2a. Each spectrum is modeled with a least-squares fit to
Gaussian line shapes, and peak populations are determined by
integrating over each peak for rotational states up to J = 45.5
for both Λ-doublet states (e, f) within each of the two spin−
orbit states (2Π1/2,

2Π3/2). Since all incident molecules are
rotationally cooled into the ground spin−orbit electronic state,
the large number of peaks in the spectrum clearly indicates
considerable amount of energy transfer taking place with the
surface. Sample relative populations as a function of J for each
of the electronic states is shown in Figure 2b. Significant
differences are observed in the scattered molecules between the
two spin−orbit states due to nonadiabatic collision dynamics.
By way of contrast, no differences are observed between the
two Λ-doublet states within each spin−orbit state, for which we
report simple averages unless otherwise stated. Because of
possible quantum state dependence in the adsorption behavior,
detailed balance considerations yields no a priori prediction of
the final scattered quantum states. Nevertheless, it is useful for
our purposes to construct Boltzmann plots for populations vs
(i) rotational state and (ii) incident beam energy.
IIIA. Low Einc Rotational Distributions (Einc = 2.7 kcal/

mol). The data at low incident energies (Einc = 2.7(9) kcal/
mol) can be quite well described by linear, single temperature
Boltzmann plots, consistent with most NO molecules under-
going trapping-desorption events with complete thermal
accommodation (i.e., α ≈ 1). These sample data in Figure 3
have been taken at a surface temperature of Ts = 292 K, with
the plots representing each spin−orbit state, 2Π1/2 and

2Π3/2,
averaged over nearly equally populated Λ-doublet states.
Interestingly, despite low enough collision energies for
complete thermal accommodation at the RTIL surface, the
scattered molecules observed in the 2Π1/2 and

2Π3/2 manifolds
are in fact not in equilibrium with each other and instead
exhibit lower (Trot(

2Π1/2) = 271(8) K) and higher (Trot(
2Π3/2) =

308(8) K) rotational temperatures than Ts. These effects can be
explored in more detail by varying the surface temperature, as
shown in Figure 4. The measured rotational temperatures do
increase linearly with surface temperature with a slope of ≈ 0.5
and thus distinctly different from unity. More quantitatively, the
slopes for the two spin−orbit states are equal but maintain a
constant vertical difference (ΔT ≈ 30 K) as the surface
temperature is varied from 292 to 373 K. By detailed balance
considerations, this necessarily implies deviations from unity
sticking behavior at the gas−liquid interface and suggests a

significant angular and/or spin−orbit dependence to the
potential surface for adsorption/desorption.56

These results are surprising and differ qualitatively from
previous studies with CO2 scattering from PFPE at similarly
low incident energies (Einc = 1.6 kcal/mol).14 Specifically, the
CO2 rotational and even translational Doppler line width
temperatures in these prior studies were found to be in close
agreement with Ts, consistent with the expectation that low-
energy incident molecules stick, thermalize, and therefore
desorb with quantum state distributions in equilibrium with the
surface.14 However, for open-shell molecules like NO and OH,
there is now growing evidence that gas-surface scattering
dynamics clearly differ.57,58 For example, inelastic scattering
experiments with NO scattered at low Einc off molten metals
and single crystal surfaces yield rotational temperatures with
small differences from Ts near room temperature, but which
increase significantly as the surface temperature increases, e.g.,

Figure 2. (a) Sample LIF spectrum of scattered NO from
[bmim]+[Tf2N]

−. Each spectrum is fit with a least-squares fit
(shown in red in the magnified inset), from which quantum-state
resolved populations are extracted. This spectrum is taken at high
incident collision energy (Einc = 20 kcal/mol), with Ts = 333 K. As
illustrated in the upper left-hand corner, the signal is only measured for
a small volume of scattered molecules with θscatter = 45 ± 10°. (b)
Population distributions corresponding to the above sample spectrum,
where the four electronic states (2Πe

1/2,
2Πf

1/2,
2Πe

3/2,
2Πf

3/2) are
plotted as a function of rotational J state.
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as much as ΔT ≈ 300 K at Ts = 800 K.57 From an equivalent
perspective, temperature-programmed desorption (TPD) ex-
periments have also been conducted on Ru(001) crystals dosed
with NO, which from microscopic reversibility samples the
quantum state resolved sticking probabilities in the reverse
direction.58 By way of specific example, thermally desorbed NO
from Ru(001) is well fit by a single rotational temperature of
235 K, i.e., again significantly cooler than the surface
temperature of 455 K. Such nonequilibrium dynamics in
rotational temperatures between spin−orbit states have also
been observed in other 2Π projectile scattering experiments.

For example, reactive scattering of O(3P) at squalane liquid
surfaces revealed small but statistically significant differences
(∼20 K) between rotational temperatures for OH product
spin−orbit states, with the excited spin−orbit state appearing
slightly hotter.11 Of particular relevance to the present work,
studies by Zare et al. on NO scatting from metallic Ag(111) at
multiple low collision energies found the excited 2Π3/2
rotational state manifold to be consistently hotter than that of
the ground 2Π1/2 state, yet with both not in equilibrium with
the surface temperature.57,59

Simple time reversal symmetry and detailed balance ideas56

can be exploited to provide some insight into the origin of such
nonequilibrium dynamics. For a molecular projectile approach-
ing a gas-condensed phase interface in a specific quantum state,
incident energy, and angle, there will be a probability to trap
long enough to thermalize with the surface and eventually
desorb. If this sticking probability is unity for all quantum
states, energies, and angles, then, by detailed balance, all
molecules that have thermalized on the surface must desorb
into a flux weighted equilibrium distribution representative of
the surface temperature. This is simply a consequence of the
rigorous kinetic constraint, for conditions of a gas in
equilibrium with a surface, that the desorbing flux must
maintain the system in its equilibrium status. Conversely, the
nonequilibrium distribution of NO observed in the current low-
energy scattering experiments necessarily implies that sticking
probabilities for the incoming NO molecular beam depend on
internal quantum state and/or incident energy.
An even stronger prediction is that detailed balance

considerations rigorously require the internal quantum state
distributions arising from the surface accommodated fraction
(α) for an equilibrium flux of incident molecules at Ts to exactly
complement those from the nontrapping fraction (1 − α) and
thereby form a composite distribution in perfect equilibrium
with the surface temperature. It is important to note that even
these low incident energy NO beams are cooled predominantly
into the ground rotational and spin−orbit state (N = 0, 2Π1/2)
and therefore far from equilibrium with Ts. However, detailed
balance requires that the fraction of NO molecules (α) that
trap/accommodate with the surface long enough to “forget”
this initial condition must recapitulate the same distributions
(equilibrium or nonequilibrium) as would have been obtained
under fully equilibrium incident beam conditions.
Based on the observed NO distributions, these simple but

powerful detailed balance ideas make several predictions that
stimulate further theoretical exploration. First of all, rotational
NO temperatures lower than Ts imply that the sticking
coefficient (α) must (i) depend on J and (ii) indeed decrease
with increasing rotational excitation. There are many possible
ways to achieve this behavior, e.g., a strong angular dependence
on the gas−liquid surface interaction potential. As a result of
such angular anisotropy, incoming jet cooled NO can quantum
mechanically mix in excited rotations to form states oriented
with respect to the surface and thereby achieve a deeper or
shallower adsorption well and thus a higher or lower barrier to
surface physisorption. A similar argument applies to the spin−
orbit state distributions as well, but now with the hotter than Ts
rotational temperatures (at Ts = 292 K) for the excited spin−
orbit manifold, suggesting a significant shift in the angular
anisotropy for the 2Π3/2 vs 2Π1/2 NO−RTIL intermolecular
potential. Indeed, we have made preliminary steps toward such
an analysis with high level ab initio calculations, as will be
discussed in more detail later in section IV.

Figure 3. Boltzmann plot of scattered rotational populations at low
incident translational energy (Einc = 2.7(9) kcal/mol). These
distributions display linear fits to a single temperature distribution,
where the Λ-doublet states are experimentally equally populated and
therefore averaged for each spin−orbit state. Note that Ts = 292 K and
thus that Trot(

2Π1/2) and Trot(
2Π3/2) are close to but slightly cooler and

hotter than the liquid interface, respectively.

Figure 4. Rotational temperature dependence on Ts for low collision
energy (Einc = 2.7(9) kcal/mol). The dotted purple line represents a
line of “complete accommodation” or what the rotational distributions
would look like if fully equilibrated with the surface temperature (Ts)
and the sticking coefficient were unity and independent of rotational
state. Note that each spin−orbit state manifold exhibits deviations
from but still a sensitivity to Ts. Error bars are based on multiple
measurements at each surface temperature.

The Journal of Physical Chemistry C Article

DOI: 10.1021/jp509522c
J. Phys. Chem. C 2015, 119, 8596−8607

8600

http://dx.doi.org/10.1021/jp509522c


Finally, we note that the formation of excited spin−orbit
states from a purely ground electronic state incident beam
requires the presence of nonadiabatic surface hopping events
between the 2Π3/2 and 2Π1/2 manifolds. For the low-energy
collisional studies above, this could in principle arise simply
from a high probability for trapping-desorption events and
therefore sufficient time to equilibrate the spin−orbit degree of
freedom with the surface temperature. For example, summed
over all rotational states, the relative population ratio between
ground and excited spin−orbit states at 292 K is [2Π3/2]/
[2Π1/2] = 0.45(2), which is close to but lower than the fully
equilibrated Ts predictions of 0.54 (Figure 5). At the highest

RTIL temperatures sampled (TS ≈ 373 K), this spin−orbit
population ratio rises to [2Π3/2]/[

2Π1/2] = 0.50(3), which is
again close to, though still systematically below, the equilibrium
value of 0.62. Indeed, much larger deviations from near
equilibrium behavior in the spin−orbit distributions are
observed at high incident collision energies, as discussed below.
IIIB. High Incident Energy Rotational Distributions

(Einc = 20 kcal/mol). With increasing Einc, deviations from this
pure trapping desorption behavior due to impulsive scattering
events become apparent. In particular, at superthermal collision
energies, Einc = 20(6) kcal/mol, there is no longer a linear
Boltzmann plot characterized by a single temperature, but
instead strong curvature that unambiguously signals the
presence of additional nonequilibuium rotational dynamics in
the scattered flux. As shown in previous work,8,15,19,23 such
distributions can be well fit to a two-temperature model
described by eq 1:

α α

=
+

= + + −

−
P

J
Q

J P J P J

(2 1)e
(TD/IS)

Pop (2 1)[ ( ) (1 ) ( )]

E kT

J

TD/IS

/ (TD/IS)

rot

TD IS

rot rot

(1)

where α = PTD/(PTD + PIS) is the branching ratio into the TD
channel (with α = 1 signaling all molecules undergoing TD
scattering) and PTD and PIS represent the respective fractions in
the TD and IS component for a given rotational state. Although
there must clearly be a continuum of such IS scattering
channels, the resulting rotational quantum state distributions
are surprisingly well characterized by a “temperature” over 2
orders of magnitude in dynamic range. Such dual temperature
behavior has now been verified in many quantum state resolved
studies and for many different gas−liquid molecular scatterers
as well as confirmed theoretically with detailed trajectory
studies.5,8,12,14,57

The fundamental source of this rather remarkable simplicity
is not yet theoretically well understood; however, we offer the
following observations. First of all, there is no a priori reason for
the nonthermally accommodating IS dynamics to be described
by a superthermal Boltzmann distribution; indeed, one would
expect deviations from such simple behavior to become evident
with sufficient experimental sensitivity. Second, we have
recently initiated studies as a function of scattering angle,
exploring quantum state resolved NO distributions at both
specular (θscatt = 45°) and normal incidence (θscatt = 0°). Even
for microscopically rough gas−RTIL interfaces, the preliminary
results for normal vs specular scattering angles are consistent
with the angular trends anticipated for TD vs IS pathways, for
example, (i) significant increase (20−30%) in fractional
trapping-desorption probability α, (ii) significant growth in
TD signals with little change in rotational distributions at low
Einc, and (iii) significantly colder spin−orbit temperatures
(Telec). Lastly, such dual temperature Boltzmann behavior
necessarily predicts overlapping TD and IS contributions at low
final state energies, as clearly verified in the extensive molecular
dynamics simulations of Hase and co-workers.19,20 In any event,
such a dual temperature description in eq 1 empirically
provides a physically motivated, few parameter characterization
of scattered populations over a wide experimental dynamic
range (see Figure 6).

Figure 5. Comparison of electronic state populations relative to each
other as the surface temperature is varied for Einc = 2.7(9) kcal/mol.
(a) Spin−orbit state ratios, where each spin−orbit state population is
summed over all J states and both Λ-doublet states. The spin-orbit
ratio [2Π3/2]/[

2Π1/2] ∼ 0.45−0.52 and varies little with Ts. The energy
difference between the two spin−orbit state manifolds is 123 cm−1. (b)
Λ-doublet electronic ratios are shown on the right, where each Λ-
doublet state is summed over all J states and both spin−orbit states.
The Λ-doublet states (Δν ≈ 0.01 cm−1) are nearly equally populated,
independent of surface temperature.

Figure 6. Sample high incident energy (Einc = 20(6) kcal/mol)
rotational distributions for the 2Π1/2 Boltzmann plot. Unlike the linear
trends exhibited at low Einc (Figure 3), at higher collision energies,
distinct curvature is observed in the rotational Boltzmann populations.
This dynamic range (over 150-fold) is well fit by a dual-temperature
distribution, where the lower temperature (TTD) is fixed at values from
the low Einc fits, with the hotter temperature (TIS) and branching ratio
(α) between to the TD/IS scattering pathways floated.
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Rotational populations at high collision energies for each
spin−orbit state have been fit to eq 1 with α and TIS floated.
Consistent with detailed balance considerations, TTD has been
fixed at Trot values obtained from the low Einc scattering results
for the corresponding surface temperature and spin−orbit state.
Figure 6 shows a sample Boltzmann plot for the ground spin−
orbit (2Π1/2) manifold at Einc = 20(6) kcal/mol; the fitted α and
TIS values plotted in Figure 7 as a function of (i) surface

temperature and (ii) electronic state, which reveal two
significant trends. First of all, the IS temperatures are nearly
3−4-fold hotter than Ts, which indicates the presence of highly
rotationally inelastic collisions at superthermal incident
energies. Second, the IS temperature component is relatively
insensitive to increasing Ts, with the 2Π3/2 distributions
consistently hotter than the 2Π1/2 state, a pattern also noted
above at low Einc. Bimodal rotational distributions have also
been observed in orientation-dependent scattering of NO from
Ag(111), which have found hotter rotational distributions for
O-end scattering than for N-end scattering.60 These effects are
most pronounced at more glancing scattering angles (i.e., θscatt
= 70°) and more modest at specular scattering angles. More
recent work has been done by Wodtke et al. looking at these
orientation effects in scattering vibrationally excitated NO from
Au (111) and with similar qualitative results.38,39

It is also worth noting that the branching ratios between the
TD and IS channels (α = 0.15−0.30) are surprisingly small at
high collision energy, much smaller, for example, than the
corresponding values (α = 0.65−0.72) observed for hyper-
thermal scattering of CO2 from RTILs.16 This implies that
distributions at these higher incident energies are dominated by
nonequilibrium gas−liquid scattering dynamics and indeed, by
detailed balance considerations, are consistent with significant
deviations from unity sticking behavior also noted in the
thermally accommodated flux. There is again a clear spin−orbit
state dependence to the accommodation dynamics, with a
consistently higher fraction of the spin−orbit conserving
collisions (2Π1/2 →

2Π1/2) proceeding through the TD channel
than for the spin−orbit changing events (2Π1/2 → 2Π3/2).
These differences can also be seen directly in the rotational
energy distributions in Figure 7c, which reveal a visibly larger
fraction of TD collision dynamics in fits for the 2Π1/2 vs

2Π3/2
states. The ground electronic state has a higher trapping-
desorption component, by roughly 10%, than the excited spin−
orbit state. Since all of the incident NO molecules are in the
ground spin−orbit state, spin−orbit conserving collisions
(2Π1/2 → 2Π1/2) at 292 K result in thermal accommodation
∼25% of the time, whereas significantly fewer (∼15%)
molecules undergoing spin−orbit changing collisions (2Π1/2
→ 2Π3/2) thermalize with the surface. Alternatively stated, the
more highly rotationally inelastic impulsive scattering (IS)
channel appears to be accompanied by a greater propensity for
electronically inelastic spin−orbit changing collisions. This
suggests a strong coupling between rotational and electronic
degrees of freedom in the gas−RTIL collision event and offers
interesting new challenges to dynamical theory.
It is also worth noting that the fraction of collisions

proceeding via the TD pathway increases monotonically with
surface temperature. This has been noted previously in other
gas−liquid studies7,8,14 and is consistent with increased inelastic
energy loss contributions due to thermally induced surface
roughening at higher Ts, thus resulting in a larger fraction of
molecules accommodating on the surface. Interestingly, thermal
roughening with increased surface temperature does not appear
to exert any collateral influence on energy transferred into
rotation via the IS channel. Furthermore, despite such strong
temperature-dependent effects on the branching ratio α, the
corresponding spin−orbit differences are clearly maintained. All
of these observations reflect nonunity sticking coefficients and
the presence of angular/electronic features in the NO−RTIL
potential surface, which translate into a strong sticking

Figure 7. Dependence of TIS and α as a function of surface
temperature at Einc = 20(6) kcal/mol. (a) Branching ratios (α)
increase systematically with surface temperature, consistent with
greater thermal roughening of the RTIL interface. (b) Conversely, TIS
is relatively insensitive to surface temperature, with hotter temper-
atures for 2Π3/2 vs 2Π1/2 state manifolds (c) Sample fits to a two
temperature distribution for 2Π1/2 and 2Π3/2, with total populations
normalized to unity. The rotationally cold TD component (blue)
represents a significantly larger fraction for 2Π1/2 vs 2Π3/2 states,
consistent with strong Ts dependent coupling between rotational and
spin−orbit degrees of freedom.
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dependence on both the incident rotational and spin−orbit
state.

IV. DISCUSSION
IVA. Nonadiabatic Electronic Effects. Scattering an

open-shell radical species such as NO provides the ability to
probe the probability of electronically nonadiabatic events at
the gas−liquid interface. In order to explore such surface
hopping dynamics in more detail, the rotational populations are
summed over all rotational states and are plotted in Figure 5
(Einc = 2.7 kcal/mol) and Figure 8 (Einc = 20 kcal/mol) as a

function of (i) spin−orbit state, (ii) Λ-doublet state (only at
low Einc), and (iii) RTIL surface temperature. One message
from these plots is unambiguous; since the initial jet cooled
beam has a spin−orbit ratio indistinguishable from zero
[2Π3/2]/[

2Π1/2] ≈ 0.0, the observation of strong spin−orbit
excited populations under both low and high incident collision
energy conditions implies the presence of surface hopping
effects in the gas-surface collision dynamics. More specifically,
Figure 5a reveals that low collision energies achieve spin−orbit
population ratios of [2Π3/2]/[

2Π1/2] ≈ 0.4−0.5, with a relatively
weak dependence on surface temperature. As noted previously,
these values are close to but consistently lower than predictions
based on complete equilibration with the surface in the
desorbing flux, with equivalent electronic spin−orbit temper-
atures varying between Telec = 215 and 252 K over Ts = 292−
373 K. By way of contrast, relative populations for NO
molecules scattering into e and f parity Λ-doublet states are
compared in Figure 5b. As also demonstrated in Figure 2, there
are no significant differences in the scattered molecules’
rotational distributions between the Λ-doublet states within
each spin−orbit state, and the ratio of these Λ-doublet states is
largely insensitive to changes in the surface temperature.

The nonadiabatic dynamics in the scattered flux are explored
further at high collision energies in Figure 8, where the TD and
IS contributions are now treated separately, with the spin−orbit
ratio within each scattering pathway considered by itself. The
TD fraction exhibits a spin−orbit ratio of [2Π3/2]/[

2Π1/2] ∼
0.35−0.40, with no appreciable dependence on Ts. As expected,
these results are quite similar to those previously discussed at
low Einc, despite nearly 8-fold higher collision energy. This is
consistent with what our fits identify as the TD component,
correctly reflecting the fraction of fully thermally accommo-
dated NO trajectories, which from detailed balance consid-
erations must yield the same spin−orbit and Λ-doublet ratios
(and indeed rotational distributions) independent of the
incident collision energy. By way of contrast, however, this
spin−orbit fraction jumps precipitously for the impulsively
scattered component, for which there are nearly as many
excited as ground spin−orbit state molecules ([2Π3/2]/[

2Π1/2]
∼ 0.73−0.85). Expressed in terms of an equivalent electronic
“temperature”, this would correspond to a range of Telec from
500 to 1000 K. It is worth noting that this is more consistent
with the window of temperatures experimentally observed in
the impulsively scattered rotational distributions, which might
suggest a simple dynamical picture of coupling/partial
equilibration between electronic and rotational degrees of
freedom on the time scale of an IS collisional event.
Furthermore, there is a clear surface temperature dependence
to the nonadiabatic excitation effects in these collisions, with
the fraction of excited 2Π3/2 molecules in the IS channel
increasing with increasing Ts and ostensibly correlated with
microscopic roughening of the RTIL surface. Finally, this trend
again highlights the connection between (i) rotationally
inelastic and (ii) spin−orbit changing (2Π1/2 →

2Π3/2) collision
dynamics in the impulsive scattering pathway, i.e., that
rotational and electronic degrees of freedom must be strongly
correlated.

IVB. Theoretical Considerations. Though a complete
treatment is well beyond the scope of the present work, it is
worth briefly exploring the fundamental source of such open-
shell nonadiabatic dynamics in NO + RTIL scattering at the
gas−liquid interface. To make things simple, we replace the
surface by a single scattering center, NO + M, which allows us
to borrow directly from the pioneering work of Alexander and
co-workers.61,62 From such studies for NO + rare gas dynamics,
this yields A′ and A″ potential surfaces in Cs symmetry, on
which the energy transfer collisions occur. As elegantly shown
by Alexander and co-workers, spin−orbit conserving interactions
are governed by the sum potential, Vsum = (A′ + A″)/2, while
spin−orbit changing interactions depend upon the dif ference
potential, Vdiff = (A″ − A′)/2. Vdiff provides a description of the
electronic anisotropy of the NO molecule as a 2D function of
Jacobi coordinates (i) M−N−O bond angle (θ) and (ii) center
of mass NO−M separation (R) with respect to the scattering
center.62,63 Far from the scattering center at collinear Cinv (M−
N−O or M−O−N) geometries, these two adiabatic surfaces are
exactly degenerate. However, this degeneracy is broken during
approach, the magnitude and geometrical differences of which
control the propensity for spin−orbit state changing dynamics.
It is worth stressing that comparably high levels of spin−orbit

excitation have been observed in other gas-surface scattering
systems, in particular NO + molten gallium17 and NO + Ag
(111).57 By way of contrast, spin−orbit excitation/deexcitation
for crossed molecular beam studies64 of NO + Ar is diminished
by roughly an order of magnitude. This clearly speaks to a

Figure 8. Spin−orbit ratios for the TD and IS scattering channels
summed over all rotational and Λ-doublet states for Einc = 20(6) kcal/
mol. The ratio of spin−orbit populations within the TD component
(blue) is [2Π3/2]/[

2Π1/2] ≈ 0.40, corresponding to an electronic
temperature of ∼200 K and relatively insensitive to surface
temperature. By way of comparison, the equivalent ratios for the
impulsively scattered fraction (red) are [2Π3/2]/[

2Π1/2] ≈ 0.70−0.85,
corresponding to a ∼500−1000 K range of electronic temperatures
and a gradual increase with Ts.
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significant increase in the Vdiff potential surface for conducting
liquid/single crystal metals and RTILs. As first suggested in
vibrational relaxation studies for NO(v) + Au (111) by Tully,37

Wodtke and co-workers,65 and later proposed by Alexander et
al. for NO + Ag(111),66 one intriguing reason for such large
Vdiff potential surfaces for conducting liquids and solids could
be due to partial charge transfer to/from the NO molecule
during the collisional process. As discussed previously for
imidazolium-based RTILs,52,54 this could in principle come
from either the anion or cation species at the gas−liquid
interface, although charge donation from the anion would tend
to be more energetically favorable, the simplest of which would
be atomic halide anions.
In order to explore the magnitude of such nonadiabatic

effects, we have therefore performed preliminary ab initio
geometry optimizations for the simple model system, NO +
Cl−, using both high level single reference (CCSD(T)) and
multireference (CASSCF + MRCI) methods on a MOLPRO
software platform. The CCSD(T) calculations have been
performed with explicitly correlated f12 electron methods and
specially optimized correlation consistent f12 basis sets of
Peterson et al. (denoted VnZ-f12, n = 2, 3)67 and extrapolated
to the complete basis set limit (CBS). Each of the equilibrium
geometries for A′ and A″ symmetry Cl−−NO structures at the
CCSD(T) level are summarized in the left-hand column of
Table 1. Note that the A′ surface exhibits two such weakly
bound minima: one for collinear approach with the O end
pointing inward toward the Cl− anion (θ = 180.0°, R = 4.098 Å,
rNO = 1.1500 Å, De = 1.12 kcal/mol) and a second for a more
bent structure (θ = 101.1°, R = 3.620 Å, rNO = 1.1502 Å, De =
1.18 kcal/mol), with a very shallow trench and transition state
connecting the two equilibrium geometries. Of particular
importance, however, there is also a much more strongly
bound equilibrium geometry of A″ symmetry, which is bent
with the N end pointing preferentially toward the Cl− anion
and far more deeply bound (θ = 67.4°, R = 3.157 Å, rNO =
1.1565 Å, De = 3.97 kcal/mol) than either of the two A′
symmetry equilibrium states. This implies a surprisingly large
magnitude of the dif ference potential (i.e., Vdiff) in both well
depth and geometry, which from the scattering calculations of
Alexander et al. begins to rationalize the high propensity for
spin−orbit state changing dynamics observed experimentally.
With open-shell radical molecular systems such as NO, it is

appropriate to be concerned that single reference ab initio
quantum calculations, even at the CCSD(T)-f12 level, might

prove insufficient for predicting accurate equilibrium geo-
metries and well depths. We therefore have repeated these A′,
A″ Cl−−NO geometry optimizations with multireference
MOLPRO methods. Specifically, we start from state-averaged
CASSCF (MULTI) calculations with explicitly correlated VnZ-
f12 basis sets (n = 2, 3), balanced average over the lowest two
A′, A″ states (2A′, 2A″), with (15, 4) and (9, 1) occupied and
closed orbitals, respectively. A subsequent multireference
calculation with the Davidson correction (MRCI-f12 + Q) is
then performed for each of the lowest A′ and A″ symmetry
states, with additional reference symmetries specified to ensure
balanced configuration spaces for both calculations. When
extrapolated to the CBS limit and optimized with respect to all
three Jacobi coordinates, the multireference results again reveal
the presence of two weakly bound A′ equilibrium structures,
one collinear (θ = 180.0°, R = 4.124 Å, rNO = 1.1512 Å, De =
1.22 kcal/mol) and one bent structure (θ = 104.2°, R = 3.691
Å, rNO = 1.1512 Å, De = 1.19 kcal/mol), with a relatively flat
trench connecting the two local minima. Likewise, the
mutireference calculations yield a much more strongly bound
A″ geometry (θ = 73.8°, R = 3.302 Å, rNO = 1.1542 Å, De = 3.49
kcal/mol), in nearly quantitative agreement with CCSD(T)
predictions (see Table 1). Once again, it is worth stressing the
large shifts in equilibrium geometry and well depth between the
A′ and A″ surfaces, which yield both a large difference potential
(Vdiff) and thus provide a clear quantum mechanical mechanism
for the strong spin−orbit changing collision dynamics observed
experimentally.
As a final comment, it is worth pointing out that the NO

bond lengths for both the CCSD(T) and multireference A″
equilibrium geometries are systematically larger (+0.003−0.005
Å) than for either of the corresponding A′ minima. This would
suggest a simple physical picture of partial charge donation
from the Cl− anion into the antibonding π* NO molecular
orbitals, as can be confirmed by direct inspection of the wave
function composition. Such partial charge transfer mechanisms
have been previously invoked to interpret vibrational relaxation
and excitation for NO scattering from metals vs insulating
systems.36,68,69 For example, when vibrationally excited NO (v
=12) is scattered from metallic surfaces with low work functions,
the NO molecules readily lose significant amounts of
vibrational energy. Electron emission (“chemicurrents”) has
also been detected from metallic surfaces following collisions
with highly vibrationally excited molecules.69 However, when
these same highly vibrationally excited molecules were scattered

Table 1. Ab Initio Equilibrium Geometries for X− + NO, with X− = Cl− as a Simple Atomic RTIL Aniona

CCSD(T) MULTI (2A′ + 2A″) MRCI occ, 15, 4 +Q closed, 9, 1

basis VnZ-f12 symmetry C2v RX‑NO θX−NO rNO De (kcal) RX−NO θX−NO rNO De (kcal)

n = 2 A′ 4.089 180.0 1.1509 1.22 4.122 180.0 1.1520 1.34
A′ 3.618 101.3 1.1510 1.24 3.690 104.2 1.1520 1.29
A″ 3.165 67.4 1.1571 4.03 3.300 74.3 1.1549 3.56

n = 3 A′ 4.098 180.0 1.1499 1.15 4.125 180.0 1.1512 1.25
A′ 3.619 101.2 1.1503 1.21 3.691 104.2 1.1512 1.26
A″ 3.163 67.5 1.1563 4.00 3.301 74.1 1.1541 3.52

CBS A′ 4.098 180.0 1.1500 1.12 4.124 180.0 1.1512 1.22
A′ 3.620 101.1 1.1502 1.18 3.691 104.2 1.1512 1.19
A″ 3.157 67.4 1.1565 3.97 3.302 73.8 1.1542 3.49

aLeft side: MOLPRO calculations at the CCSD(T)/VnZ-f12 level for n = 2, 3 and extrapolated to the complete basis set (CBS) limit. Right side:
multireference MOLPRO calculations (MULTI/MRCI(+Q)) for an explicitly correlated VnZ-f12 basis set (n = 2, 3, and CBS limit). RX−NO and rNO
in angstroms, θX−NO in degrees, De in kcal/mol. Note the dramatic difference in equilibrium geometries and well depths for the A′ and A″ potential
surfaces, which provides a physical mechanism for the nonadiabatic surface hopping dynamics observed experimentally. See text for details.
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from insulating surfaces, there was only quite modest vibrational
relaxation.68 Such nonadiabatic electronic effects clearly
indicate a breakdown of the Born−Oppenheimer approxima-
tion, which assumes the electrons can adjust instantaneously to
nuclear motion while staying on the same electronic adiabatic
potential energy surface. As one simple model of the dynamics,
electron−hole pair excitation in metallic surfaces could result in
partial electron donation to the incident molecule to form a
transient NO− species, which then flows back into the metallic
Fermi sea as the NO scatters away from the surface.
It is therefore of interest whether such a charge transfer

picture could also offer a novel mechanism for nonadiabatic
NO collision dynamics at the gas−RTIL interface. In particular,
charge donation from anions at the gas−liquid interface both
into and out of the two π* antibonding molecular orbitals of
NO could facilitate particularly efficient spin−orbit excitation,
simply by interchanging the Λ = ±1 projections of the orbital
angular momentum and thus achieving the desired change in
spin−orbit state (Ω = Λ + Σ) without any requisite flip of the
electron spin projection (Σ). However, additional experimental
and theoretical work will clearly be needed to confirm or refute
the importance of such a partial charge transfer mechanism in
controlling nonadiabatic collision dynamics at the gas−RTIL
interface, toward which we hope the present study has provided
some stimulation and useful first insights.

V. SUMMARY AND CONCLUSIONS
The gas−RTIL interface has been explored via quantum-state-
resolved scattering of supersonically cooled NO molecules from
[bmim]+[Tf2N]

−, where collision dynamics are monitored by
observing rovibronic scattered populations as a function of
collision energy and surface temperature. By exploiting open-
shell NO molecules cooled into the lowest spin−orbit state,
“surface hopping” between its multiple low-lying electronic
states has been probed, with the presence of strong
nonadiabatic collisional processes confirmed via spin−orbit
excited molecules in the scattered flux.
At low collision energies (Einc = 2.7(9) kcal/mol), the

distribution of scattered NO is well described by a single
rotational temperature, however, one that is not in equilibrium
with the surface temperature. Furthermore, there is evidence
for nonequilibrium electronic effects as well; for spin−orbit
changing collisions (2Π1/2 →

2Π3/2), Trot is roughly 30 K hotter
than for spin−orbit conserving collisions with the surface (2Π1/2
→ 2Π1/2). While these collision energies are low enough to
facilitate complete accommodation of molecules at the surface,
these results clearly indicate (i) a nonunity sticking coefficient
as well as (ii) rotational and electronic state dependent sticking
probabilities to adsorption/desorption. At higher collision
energies (Einc = 20(6) kcal/mol), highly nonequilibrium
rotational distributions are observed that can be well fit to a
two-temperature distribution, which can be associated with fully
accommodated (TD) and all nonaccommodated (IS) scattering
pathways. The branching ratio into the TD channel, α,
increases with surface temperature, consistent with roughening
of the gas−liquid interface. Differences in these branching
ratios are also observed between the two spin−orbit state
manifolds, which reveal that spin−orbit conserving interactions
are correlated more strongly with trapping desorption behavior
than the spin−orbit changing collisions. The consistency
between such data at both high and low incident collision
energies further reinforces the notion that there exist dynamical
barriers to adsorption/desorption that are dependent both on

spin−orbit electronic state and angular orientation for incident
NO molecules striking the RTIL surface.
The propensity for electronic excitation, or nonadiabatic

surface hopping, is quantified by summing over all rotational
states within each of the electronic states. Negligible differences
of the scattered NO molecules are observed between Λ-doublet
states, while large differences are seen between the two spin−
orbit manifolds. Specifically, at lower collision energies, where
the full accommodation pathway is likely to predominate,
[2Π3/2]/[

2Π1/2] ∼ 0.4 and is close to thermal equilibrium with
the surface temperature. At higher collision energies,
conversely, this ratio becomes closer to [2Π3/2]/[

2Π1/2] ∼
0.8, i.e., substantially higher than predicted from a full
equilibration picture. If we consider the TD and IS channels
separately, the relative population of the excited spin−orbit
state is found to be significantly higher for the IS component,
with that pathway therefore being more favorable for
electronically inelastic, spin−orbit changing collisions.
To explore these nonadiabatic effects further, preliminary ab

initio calculations for Cl− + NO, where Cl− represents a simple
RTIL anion, have been performed on a MOLPRO software
platform using both single reference CCSD(T) and multi-
reference (CASSCF + MRCI) methods. The results predict
large differences, in both well depths and equilibrium
geometries, between the A′ and A″ potential energy surfaces,
which from the work of Alexander and co-workers begins to
explain the high propensity for spin−orbit excitation observed
experimentally. Additionally the equilibrium bond lengths for
the A″ state are found to be systematically longer than the A′
state, consistent with transient partial charge donation from the
Cl− anion into the NO π* orbital and which raises the
possibility of a novel electron exchange mechanism that
changes the spin−orbit state. Though there is clearly more
work needed to confirm the role of such nonadiabatic
pathways, we hope such calculations will serve as motivation
for further theoretical efforts exploring the detailed mechanism
for spin−orbit excitation at the gas−RTIL interface.
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