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CONSPECTUS: We oten teach or are taught in our reshman
courses that there are three phases o mattergas, liquid and
solidwhere the ordering reects increasing complexity and
strength o interaction between the molecular constituents. But
arguably there is also a ascinating additional “phase” o matter
associated with the microscopically thin interace (<10 molecules
thick) between the gas and liquid, which is still poorly understood
and yet plays a crucial role in elds ranging rom chemistry o the
marine boundary layer and atmospheric chemistry o aerosols to
the passage o O2 and CO2 through alveolar sacs in our lungs. The
work in this Account provides insights into three challenging new
directions or the eld, each embracing a rovibronically quantum-
state-resolved perspective. Specically, we exploit the powerul tools o chemical physics and laser spectroscopy to pose two
undamental questions. (i) At the microscopic level, do molecules in all internal quantum-states (e.g., vibrational, rotational,
electronic) colliding with the interace “stick” with unit probability? (ii) Can reactive, scattering, and/or evaporating molecules at the
gas−liquid interace avoid collisions with other species and thereby be observed in a truly “nascent” collision-ree distribution o
internal degrees o reedom? To help address these questions, we present studies in three dierent areas: (i) reactive scattering
dynamics o F atoms with wetted-wheel gas−liquid interaces, (ii) inelastic scattering o HCl rom sel-assembled monolayers
(SAMs) via resonance-enhanced photoionization (REMPI)/velocity map imaging (VMI) methods, and (iii) quantum-state-resolved
evaporation dynamics o NO at the gas−water interace. As a recurring theme, we nd that molecular projectiles reactively,
inelastically, or evaporatively scatter rom the gas−liquid interace into internal quantum-state distributions substantially out o
equilibrium with respect to the bulk liquid temperatures (TS). By detailed balance considerations, the data unambiguously indicate
that even simple molecules exhibit rovibronic state dependences to how they “stick” to and eventually solvate into the gas−liquid
interace. Such results serve to underscore the importance o quantum mechanics and nonequilibrium thermodynamics in energy
transer and chemical reactions at the gas−liquid interace. This nonequilibrium behavior may well make this rapidly emergent eld
o chemical dynamics at gas−liquid interaces more complicated but even more interesting targets or urther experimental/
theoretical exploration.
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providing evidence or highly nonequilibrium deposition o
reaction exothermicity into rovibrational HF(v,J) products.
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studies o aqueous evaporation dynamics: NO ejection
rom a liquid water microjet. J. Chem. Phys. 2019, 150,
044201.3 This is our  irst study on evaporation dynamics
 rom liquid water, which provides clear evidence or
postevaporative collisions o NO with H2O adiabatically
expanding  rom the gas−microjet interace.

• Livingston Large, T. A.; Nesbitt, D. J. Low energy CO
scattering at the gas-liquid interace: Experimental/
theoretical evidence or a novel sub-thermal impulsive
scattering (STIS) channel. J. Phys. Chem. C 2020, 124,
28006−28017.4 This work with a wetted-wheel technique
illustrates how IR laser absorption methods can be used to
probe nonequilibrium internal quantum-state distributions
or CO scattering rom simple low vapor pressure liquids.

I. INTRODUCTION
The gas−liquid interace represents an extremely complex and
challenging environment or investigation with modern
chemical-physics methods, though one o critical relevance to
molecular adsorption and chemical reaction phenomena rom
atmospheric droplets to the marine boundary layer. Collisions
at the gas−liquid interace are crucial to a predictive
understanding o chemical pathways ranging rom adsorption,
accommodation, and solvation o gases into liquids to
heterogeneous gas−liquid-phase catalysis and reactive process-
ing o molecular suractants on atmospheric aerosols.5−7

Indeed, in even more intimately human terms, such collisional
processes are undamental to molecular O2 adsorption into
(and CO2 expulsion out o) our bloodstream through the lung
alveoli, a respiration process obviously responsible or survival
o the species.8
The rst step along this diverse and intricate dynamical

pathway is through collisional energy transer at the gas−liquid
interace, which can be probed by molecular-beam experiments
exploring the exchange o energy into the projectile’s
translational, rotational, vibrational, and electronic degrees o
reedom.9−13 Although this is an area with research advances
spanning several decades, it is still a quite young, exciting, and
rapidly evolving scientic eld! Indeed, it represents a rontier
discipline distinguished by early development o molecular-
beam experiments by Fenn and co-workers14 and considerably
advanced by Nathanson, Minton, and others, based on inelastic
collisions o supersonic beams with liquid interaces,
monitored by time-o-ight mass spectrometry on the scattered
atomic and molecular species.9,13,15,16
O particular interest have been prospects o controlled

chemistry at the gas−liquid interace. The Nathanson group
has been a vigorous leader in this area, utilizing time-o-ight
mass spectrometry or probing redox reactions and H/D
exchange processes or projectiles colliding with the gas−liquid
interace. The Minton group has specialized in clever CO2
“laser detonation” sources to achieve high uxes o hyper-
thermal atomic/molecular projectiles (O2, O(3P), O(1D), etc.)
with multiple-electronvolt translational energies, which has
enabled many mass-spectroscopic studies o translationally
hyperthermal reaction dynamics at both gas−liquid and gas−
solid interaces.12,15,17,18 The Nesbitt group has taken
advantage o high-resolution lasers and discharge-energized
molecular beam sources to inelastically and/or reactively

scatter molecules and atomic radicals rom a variety o liquid
suraces, providing detailed spectroscopic inormation on
quantum-state and translational distributions o the scattered
molecules by direct IR-laser absorption and Dopplerime-
try.19−23 The McKendrick group has elegantly applied
quantum-state-resolved techniques with UV photolysis sources
o translationally hot OH and O(3P) colliding with hydro-
carbon and room-temperature ionic liquids (RTILs), probing
the resulting rovibrational distributions o OH(v, N) by laser-
induced uorescence (LIF).11,18,24−26 The net result o all
these and many other studies has been deep mechanistic
insights into chemical and physical properties o the gas−liquid
interace. Crucially relevant to this collective body o work has
been the use o rotating “wetted wheels” or generating gas−
liquid interaces, with low vapor pressure uids to maintain
suitably high vacuum conditions. In particular, section II o this
Account eatures one example o many such wetted-wheel
studies rom our group,20,21,23,27 specically utilizing ultra-
sensitive high resolution IR absorption spectroscopy or
probing the nascent distributions o HF(v,J) emerging rom
H atom abstraction reactions by atomic beams o F radicals at
the vacuum−squalane interace.2,22
One persistent limitation to the implementation o such

wetted-wheel methods, particularly or quantum-state-resolved
studies, has been the requirement or low vapor pressure
liquids to permit molecules to impinge on and escape rom the
gas−liquid interace without collisional scrambling. A powerul
alternative approach to the wetted-wheel concept that
circumvents most o these vapor pressure limitations involves
the use o solution phase chemistry to orm sel-assembled
monolayers (SAMs) o long chain organic thiols (R−SH) on
nanometer thin Au coated suraces. This platorm has been
extensively used in conjunction with molecular beam methods
by Morris and co-workers28 to study inelastic energy transer at
the gas−SAM interace via time-o-ight mass spectroscopy.
The elegance o such methods is that the resulting monolayer
sel-adheres via weak van der Waals orces and thereore
presents a “liquid-like” mimetic surace in vacuo to the
incoming molecular beam. Furthermore, one can arbitrarily
modiy such long chain organic thiols with specic unctional
groups (alcohols, aldehydes, carboxylic acids, amines, etc.) and
thereby “tune” the chemistry o the molecular “canopy” struck
by the incoming beam. We have ound it particularly powerul
to combine these studies with 1 + 1 resonance-enhanced
multiphoton ionization (REMPI) methods or selectively
probing molecular projectiles in a single rovibrational
quantum-state, which in conjunction with velocity map
imaging (VMI) methods provides ull 3D inormation on the
scattered vector momenta.29,30 In section III, we present
examples involving such quantum-state-resolved scattering o
supersonically cooled HCl(v = 0, J = 0) rom alkyl-thiolated
SAM suraces under high-vacuum, single-collision conditions.1
Although the use o SAMs oers a powerully strategic

alternative to low vapor pressure liquids or such interacial
dynamical studies, this does not avoid the simple act that the
most important liquid in nature (i.e., water) has a 20 Torr
vapor pressure at room temperature! Such high vapor
pressure31 seriously limits gas−surace scattering studies with
millimeter-scale laser probe beams, since typical mean ree
paths (λ0) in the vapor phase are only a ew micrometers.
Thus, in terms o spin−orbit, electronic, vibrational, rotational,
and translation degrees o reedom, the “nascent” distribution
o any scattered/evaporating molecules can be rapidly
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compromised by collisions prior to measurement. A clever
technique to circumvent this problem, rst demonstrated by
Faubel, Schlemmer, and Toennies,32 has been to generate the
gas−liquid water interace in the orm o a “microjet”, i.e., a
owing liquid column with a micrometer-scale radius (r0) on
the order o the gas-phase mean ree path (λ0) at equilibrium
vapor densities. For a cylindrical geometry, the vapor density
drops o as r0/r rom the jet axis; thus, although densities in
the immediate proximity o the jet are similar to that o a at
water surace, they drop to much lower values within a ew
characteristic r0 lengths. In principle, this seems an ideal “ree
lunch” or gas−liquid experimentalists: or small microjet
diameters, the average number o collisions in the macroscopic
distance between liquid surace and laser detection region can
in principle be made negligible. In the nal section o this work
(section IV), we present sample studies rom our laboratory on
quantum-state-resolved NO evaporation rom liquid water
microjets, which both provide tantalizing evidence or
nonequilibrium behavior and also highlight the very real
experimental challenges in achieving such collision ree
conditions.3 What binds these three studies into a common
theme is that quantum-state scattering distributions in each
case signal the presence o nonequilibrium dynamics, which
rom detailed balance consideration necessarily implies a
quantum-state dependence to the sticking o molecules at the
liquid interace.

II. WETTED-WHEEL STUDIES OF F ATOM REACTIVE
SCATTERING FROM LIQUID SQUALANE

As a rst example, we discuss high-resolution IR laser studies
o F atom scattering rom squalane, which orms rovibration-
ally excited HF(v,J) via the highly exothermic (ΔH ≈ −38
kcal/mol) H atom abstraction reaction at the liquid hydro-
carbon interace (Figure 1).2,22 The uorine beam is based on

a “mini-slit” source (0.3 cm × 0.03 cm), whose orice is pulsed
to 800 V during a 2 ms gas pulse o 5% F2/rare-gas mixture,
with the discharge dissociating ∼25% o the uorine molecules
into F atoms. The experiment is carried out in an ∼125 L
diusion-pumped vacuum chamber at base pressures o 10−6

Torr (Figure 2), in excess o the ∼10−7 Torr vapor pressure o
liquid squalane. Peak gas (F, F2, rare gas) densities at the liquid
surace are <1.5 × 1013/cm3, translating into mean ree paths 2

orders o magnitude greater than the ∼1 cm distances between
liquid and the inrared laser probe axis. HF(v,J) product
molecules recoiling rom the gas−liquid interace are detected
on the Δv = +1 undamental via direct inrared absorption
spectroscopy, using a high-resolution color-center laser (Δν ≈
3 MHz), multipassed 16 times above the liquid in a Herriot
cell.33,34 Absorption sensitivities down to the 108 HF/quantum
state level are limited primarily by quantum shot noise on the
photon arrival times. Such high sensitivities are obtained by
dierential detection on matched InSb detectors and active
servo-loop stabilization o the laser amplitude.
The time-dependent HF absorption (or stimulated

emission) signals are captured by a transient digitizer in a
200 μs window centered on the F atom pulse. The laser
requency is incremented between gas pulses, yielding high-
resolution Doppler absorption proles out o a lower HF(v,J)
quantum-state, with calibration o the requency scan
calibration by recording laser transmission through a Fabry−
Perot etalon.35 To establish an intensity reerence, the HF(v =
3 ← 2; J = 3 ← 2) transition is recorded multiple times daily,
with measurements on the ull HF(v,J) maniold normalized
or uctuations in the F atom source. Signal-to-noise ratio on
nascent Doppler proles is >20:1, with an integrated S/N >
200 (see Figure 1). At Doppler-limited resolution (ΔνDoppler
(300 MHz) ≫ Δνlaser (3 MHz)), each HF rovibrational
transition appears as an isolated line, with peak quantum-state
densities o ∼1010 HF/cm3. The HF(v = 3 ← 2, J = 3 ← 2)
translational Doppler proles are well t by a broadened
Gaussian line shape, characteristic o superthermal recoil
velocity distributions parallel to the laser probe axis and
consistent with Doppler line shapes hotter than the liquid
surace (Ttrans > TS). The data yield integrated absorption
intensities or each spectral line, with the observed spectra t
by nonlinear least-squares analysis to obtain absolute HF(v,J)
state-resolved column densities.
Sample rotational populations or the HF(v = 2, J) maniold

are displayed in Figure 2, which exhibits a pronounced “kink”

Figure 1. Sample data or F atom reactive scattering rom a liquid
squalane surace, probed by direct absorption on the HF(v = 3 ← 2)
R(2) undamental (Δv = +1) transition with a high-resolution tunable
color-center laser. Note that the lower state contains 25 kcal/mol
vibrational energy and is ar out o equilibrium with the 300 K surace.
Adapted with permission rom res 2 and 22. Copyright 2006 and
2008 American Institute o Physics.

Figure 2. Boltzmann plot o the HF(v = 2,J) quantum-state
populations as a unction o rotational energy. Note the clear kink
in the curve near 350 cm−1, which corresponds to a crossing between
room temperature (290 K) and rotationally hyperthermal (1040 K)
distributions, attributed to “microscopic branching” between
trapping−desorption (TD) and impulsive reactive scattering (IS)
channels. Top panel displays a schematic o the experimental rotating-
wheel apparatus. Adapted with permission rom res 2 and 22.
Copyright 2006 and 2008 American Institute o Physics.
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near Erot ≈ 350 cm−1. Such deviations rom a linear Boltzmann
plot are highly reminiscent o “dual-temperature” J-progres-
sions noted or many closed-shell (CO2, OCS, DCl) molecular
projectiles inelastically scattered rom liquids in other
studies.4,19,27,36,37 Similar behavior has been oten seen in
translational TOF mass spectroscopy studies and attributed to
“microscopic branching” between trapping−desorption (TD)
and impulsive scattering (IS) channels, where the ormer reects
complete loss o collisional memory and thermal equilibration
to TS, while the latter contains all inormation on non-
equilibrium energy transer dynamics. We tentatively associate
(but conrm below) these hot and cold rotational HF(v,J)
channels as quantum-state-resolved evidence or a similar
“microscopic branching” o products arising rom strongly
exothermic chemical reaction at the gas−liquid interace.
We quantiy the reactively ormed HF rotational populations

by a two-temperature Boltzmann least-squares t:

= +J A E J kT A E J kT( ) exp( ( )/ ) exp( ( )/ )TD rot TD IS rot IS

(1)

where ρv(J) is the column integrated density o HF(v,J), Erot(J)
is the rotational energy, k is the Boltzmann constant, and TTD/
TIS and ATD/AIS represent the temperatures and amplitudes o
the TD and IS distributions, with additive contributions rom
cooler (TD) and hotter (IS) Boltzmann temperature
components well represented by dashed and dotted lines,
respectively. Note in particular that the lower temperature
component (290(30) K) is in good agreement with room-
temperature (300 K) squalane and indeed consistent with a
ractional portion o the HF product recoiling rom the surace
via a ully rotationally thermally accommodated TD channel.
In the context o this simple two-temperature model, such
agreement provides the rst quantum-state-resolved support
or microscopic branching between trapping−desorption (TD)
and impulsive scattering (IS) pathways, even or highly
exothermic reactive events at the gas−liquid interace.
It is worth noting that the existence o a room-temperature

TD component or rotation does not imply thermal
accommodation with respect to HF vibration; indeed, Figure

2 represents data rom rotational populations in the vibration-
ally excited HF(v = 2) maniold, i.e., ≈25 kcal/mol above the
ground state energy and obviously highly nonthermal. This
model thereore also establishes clear limits on time scales or
such chemically reactive trapping−desorption dynamics, speci-
ically that the recoil be suciently slow or partial rotational
equilibration with the liquid surace but not yet long enough
or vibrational accommodation. (We o course cannot yet
speciy precisely what “suciently slow” and “long enough”
mean, but gas phase rotational and vibrational collisional
relaxation numbers o 10 and 10000 would imply a 10 ps to 10
ns window.) More quantitatively, the branching ratio between
TD and IS events can be calculated by summing over their
respective contributions in eq 1, yielding an accommodation
coecient α = 0.5(2) or the HF(v = 2) maniold. Thus, only
50% o the HF(v = 2) product desorbs a ter rotationally
equilibrating with the liquid interace, implying τdesorb ≈ τrot‑relax
≪ τvib‑relax and consistent with the wealth o data indicating
much shorter time scales or rotationally vs vibrationally
inelastic scattering in the gas phase.38 However, this is only one
o many quantum-state-resolved reaction systems possible to
investigate with laser methods at the gas−liquid surace,
insights rom which should eventually provide us with a much
more complete dynamical story. The key result worth stressing
is that exothermic reactive scattering at the gas−liquid
interace can result in highly nonequilibrium distributions o
internal (vibrational/rotational) and translational states,
despite the enormous vibrational state densities o the liquid
in nanometer-scale proximity with the recoiling molecular
projectile.

III. STATE-RESOLVED SCATTERING FROM
SELF-ASSEMBLED MONOLAYER (SAM) LIQUID
MIMETICS

One powerul alternative to wetted-wheel methods involves
preparation o “liquid-like” suraces chemically attached to a
substrate, specically sel-assembled monolayers (SAMs) o
organic thiols (R−SH) bound to a Au surace by covalent Au−
S linkages (Figure 3a). We have perormed preliminary

Figure 3. Schematic diagram or quantum-state-resolved scattering o HCl rom (a) dodecane sel-assembled monolayers (SAMs) on a gold
surace, (b) with surace characterized by reection−absorption inrared spectroscopy (RAIRS), and (c) detected via photoionization and 3D
velocity map imaging. Adapted with permission rom re 1. Copyright 2016 American Chemical Society.
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quantum-state-resolved scattering o thermal and hyperthermal
HCl projectiles rom such sel-assembled monolayers,
comprised o dodecane (C12) aliphatic chains and made
rom standard synthetic methods.39,40 Well-ormed SAMs with
reproducible local structure in each aliphatic chain can be
distinguished by our reection/absorption IR (RAIRS) peaks
corresponding to methyl and methylene CH stretching
vibrations (see Figure 3b). Ater such RAIRS characterization,
these SAM samples are placed in a vacuum chamber
maintained at 5 × 10−9 Torr by one 1250 L/s and two 250
L/s turbo pumps, with a cartridge heater to warm the sample
between 294 K and 450 K. Repeated RAIRS measurements
indicate that such C12 SAMs can withstand heating to 450 K
under vacuum or up to 3 days without deterioration.

The SAM suraces are probed by grazing-angle (75°)
inelastic HCl scattering with quantum-state- and velocity-
resolved detection (Figure 3c).29,30 Specically, 1% mixtures o
HCl seeded in buer gas diluent are released through a 100 μm
pinhole orice pulsed valve41 (200 μs duration, 10 Hz
repetition rate) and pass through a 2 mm skimmer 80 mm
downstream to produce a narrow spread (v/Δv = 10) o
transverse velocities (<3%) at the gas−SAM interace, with
>90% o the incident beam HCl molecules cooled into J = 0
rotational state. The HCl(v = 0, J > 0) molecules resulting
rom rotationally inelastic scattering at the gas−SAM interace
are then ionized via 2 + 1 REMPI42,43 with 235 nm light rom
the requency-tripled output o a Nd:YAG-pumped pulsed dye
laser, achieving state-selective ionization o HCl(v = 0, J = 0−

Figure 4. Sample 2D VMI data or hyperthermal HCl scattering (Einc = 18(1) kcal/mol) rom dodecane SAMs revealing both TD (axisymmetric)
and IS (orward scattered) contributions. The let panels capture three dierent slices rom (a) vz ≈ 400 m/s and (b) vz ≈ 0 m/s and (c) with the
supersonic beam cleanly separated by negative vz ≈ −400 m/s incident component. The right panels reect low-energy HCl scattering (Einc =
0.8(1) kcal/mol) and reveal (d) pure TD scattering with (e, ) translational (x, y, z) temperatures in excellent agreement with TS. Adapted with
permission rom re 1. Copyright 2016 American Chemical Society.
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14) molecules with a well specied nal J. As depicted in
Figure 3c, the ionization occurs along the central stack o a
velocity map imaging system,30,44−46 with the gold substrate
acting as a repeller electrode. The stack extracts ions rom the
ionization region through a 50 cm vertical ight tube onto a
2D position-sensitive (vx,vy) microchannel plate (MCP)
detector, where the amplied electron pulse strikes a phosphor
screen imaged by a CCD camera, with arrival time determining
the ion vz component.50 Voltage across the MCP is gated
between 1300 V (≈ 0 gain) and 1700 V (≈ 107 gain) or a
tunable “DC-slice” o the ion cloud arrival times. The VMI (vx,
vy, vz) is calibrated by imaging residual HCl molecules
equilibrated to the chamber walls, with thermal ts permitting
the velocity origin and vx, vy scale actor on the MCP to be
accurately determined. These calibration measurements are
repeated multiple times per day to monitor/correct or any
minor drit in the origin or scaling o the velocity map
images.29,30
The ability to resolve the velocity component along the

surace normal allows systematic elimination o ion signals
arising rom the incident beam. The value o such temporal
separation is specically illustrated in Figure 4, where the
strong incident beam signal (Figure 4c) appears in only a
single velocity slice (vz ≈ −400 m/s), while the scattered ions

(Figures 4a,b) orm broader 2D structures spanning multiple
slices (vz ≥ 0). These 3D velocity-space images also nicely
geometrically dierentiate between TD and IS scattering
channels. Specically, as the TD contributions have lost all
memory o the incident collision with the SAM surace, the
corresponding signals are centered around vx = vy = 0, whereas
the IS channel is strongly orward peaked in the incident beam
direction (vx ≫ 0). Similarly, the TD signals peak at small vz ≈
0, whereas the IS scattered molecules preerentially recoil with
larger vz > 0. This ability to achieve separation o incident
beam (IB) and scattered signals (TD, IS) is crucial and permits
quantitative normalization o any dierential changes in state-
resolved scattered uxes.
We rst consider the 3D angular/ux distributions o

scattered HCl doped into a slow Ar supersonic beam, or
which the incident HCl molecules are expected to be TD
dominated and equilibrate to TS with 100% eciency.47

Specically, provided that the probability (α) o a molecule
trapping long enough to lose memory is independent o
incident energy, angle, or internal quantum-state, then detailed
balance considerations demand the desorbing molecules to
emerge in a Maxwell−Boltzmann distribution at TS, with
velocity space densities described by a 1D Gaussian restricted
to the upper hal-plane (vz > 0). Figure 4 (right panel) presents

Figure 5. (a, b) Temperature-dependent Boltzmann rotational plots or HCl(J) TD scattering at Einc = 0.8(1) kcal/mol demonstrating complete
thermal equilibration between Trot and TS. (c, e) For hyperthermal scattering (Einc = 18(1)kcal/mol), J-dependent uxes are extracted rom
symmetrized VMI ts (d) to the back hal-plane (vx < 0) distribution (blue), with IS uxes (red) obtained by subtraction. Note that VMI analysis
allows novel extraction o J-state TD/IS uxes irrespective o rotational distributions and thereby providing completely independent support or a
dual-temperature kinetic model. Adapted with permission rom re 1. Copyright 2016 American Chemical Society.
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a summary o desorbing velocity distributions or incident HCl
seeded in argon (Einc = 0.8(1) kcal/mol) and colliding with
C12-SAM at room temperature. The distributions are analyzed
with 1D (vz > 0, Figure 4e) and 2D Gaussian (vx, vy) ts, which
yield ull width at hal-maximum (whm) values each in
excellent agreement with TS. By way o additional con-
rmation, these measurements have been replicated as a
unction o TS, with results (Figure 4) in quantitative
agreement over TS = 294−400 K. Such agreement between
Tx,y, Tz, and TS values strongly supports our basic model that
scattering at low incident energies is dominated by
trapping−desorption (TD) and complete thermal equilibra-
tion. By detailed balance considerations, this implies near-unity
trapping probabilities with respect to the incoming HCl or all
speeds sampled typically at TS.

47

However, state-selective REMPI/DC-slice VMI capabilities
allow us to take this analysis much urther, as we know and can
thereore integrate over the ull 3D velocity distributions.
Specically, in addition to detailed vector inormation on 3D
translational degrees o reedom, the scattered HCl can also be
characterized by scalar rotational distributions.30,42,43 Figure 5a
displays sample Boltzmann plots o recoiling rotational
distributions integrated over all 3D velocities and or low
(291(1) K) and high (364(1) K) liquid temperatures, which
are well t to a single Boltzmann temperature (Trot) in
excellent agreement with TS. By way o conrmation, this
procedure is again repeated over a series o temperatures
(Figure 5b), with results consistent with Trot ≈ TS over the ull
range o temperatures explored. The panels in Figures 4 and 5
represent compelling evidence that low energy HCl colliding
with SAMs (i) stick with unit probability independent o
rotational quantum-state and (ii) desorb with both rotational
and translational degrees o reedom in equilibrium with the
surace temperature.
With both the translational/rotational populations well

characterized or pure TD scattering conditions, we can now
consider nonequilibrium impulsive scattering (IS) events at
higher Einc. The cleanest operational denition o the IS
channel is that it comprises all deviations rom pure TD
behavior. Particularly or grazing 75° incidence, IS contami-
nation in the back scattered hal-plane should be negligible;
thus one should be able to isolate the pure TD channel (blue)
by perorming hal Gaussian ts exclusively to vx < 0 scattering
events. As shown in Figure 5d, pure IS velocity distributions
(red) can then be obtained by di erence between total VMI
signals and these TD ts symmetrically extended into vx > 0.
Simply summarized, 2π-steradian VMI methods oer a novel
capability or independent separation o 3D scattering ux
contributions into TD and IS channels as a unction o internal
rovibrational quantum-state.
As a powerul corollary, we can thereore also integrate these

TD and IS channels over all nal 3D velocities to obtain scalar
rotational populations o the scattered HCl molecules. It is
worth stressing that analysis o rotational populations arising
rom combined TD and IS scattering channels requently
invoke a dual-temperature rotational distribution, with one
temperature xed at TTD ≈ TS and TIS allowed to oat,
assuming a hotter, albeit Boltzmann-esque IS rotational
distribution.19,20,48 The considerable advantage o 3D velocity
map imaging is that it allows deconstruction o each J-state-
resolved image into TD and IS components, without any
assumptions on the rotational distributions, and in this way
permits independent validation o such a dual-temperature

analysis. For example, Figure 5c,e display sample Boltzmann
plots or J populations extracted separately rom integrated TD
and IS velocity distributions. Least-squares ts to the isolated
TD populations return a temperature (TTD ≈ 293(7) K) in
excellent agreement with the measured SAM surace and
indeed as expected or ully thermally equilibrated interactions.
Most remarkably, the IS rotational populations also exhibit
linear Boltzmann plots, with a hyperthermal temperature-like
distribution quantitatively consistent with “dual-temperature”
analysis o the total quantum-state populations. Finally, it is
worth stressing that this unexpected simplicity in the IS
rotational distributions does not require any simpliying
assumptions in the corresponding velocity distributions,
which rom Figure 4a,b are in act highly anisotropic and
strongly orward-scattered in the near-specular direction.
Hence, the agreement between TTD and TS temperatures (in
both rotation and translation) is prooundly surprising and
suggests the presence o additional constraints in inelastic
scattering dynamics at the gas−liquid interace. Though these
studies are preliminary, they do indicate the remarkable
versatility o REMPI/VMI scalar and vector scattering rom
“chemically tunable” SAM suraces as a powerul tool or
quantum-state-resolved energy-transer/reaction kinetics at
liquid-like interaces.

IV. EVAPORATION DYNAMICS AT THE GAS−LIQUID
WATER MICROJET INTERFACE

As a nal topic, we turn to the use o microjets or gas−liquid
interacial studies. Microjets o pure water and moderately
viscous hydrocarbons49 have been successully used in studies
where high-vacuum conditions are required, including X-ray50
and photoelectron51 spectroscopy o the solutes and liquids
themselves, as well as time-o-ight (TOF) studies o
molecular solutes as large as acetic acid dimer
(CH3COOH)2.

52 O particular relevance to the present work
are the TOF studies by Nathanson and co-workers on
nonequilibrium “expulsion” dynamics o noble-gas atoms and
small molecules.49,53 Interestingly, surprisingly little attention
has been devoted to the internal-quantum-state distributions o
molecular evaporants. Studies by Weber o low vapor pressure
liquid metals, such as Na2 evaporating rom molten sodium,
have been perormed.54 There have been studies by Buntine
and co-workers using resonance-enhanced multiphoton
ionization (REMPI) or detection o benzene evaporating
rom water−ethanol mixtures,55 as well as Barinkova using
laser-induced uorescence (LIF) or detection o aromatic
compounds laser-ablated rom a microjet.56 However, due to
dense rotational structure o these large organic molecules,
only rotational envelopes o partially overlapping vibrational
bands could be observed.
To address more detailed dynamical questions, we have

recently developed methods or quantum-state-resolved studies
o NO expulsion rom liquid water microjets, exploiting LIF
detection or high-sensitivity characterization o nascently
evaporated spin−orbit, rotational, and Λ-doublet states. This
work builds naturally on previous studies in our laboratory or
quantum-state distributions o NO scattering rom low-vapor-
pressure liquids48,57−61 but now extended to a much higher
vapor pressure “solvent” (H2O) o crucial importance.
Specically, these studies are perormed in a vacuum chamber
pumped with a 1200 L/s turbomolecular pump through a
liquid-nitrogen cryogenic bafe (see Figure 6). With the
microjet in operation, the working pressure in the chamber is
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≲10−5 mbar, resulting in mean ree paths many times larger
than the chamber dimensions. Solutions are prepared by
dissolving NO into H2O at 2.7 bar (2000 Torr) in a stainless-
steel mixing cylinder, resulting in an ∼5 mM solution, and
transerred to a syringe pump. The (vertical) liquid microjet is
generated by pumping the solution at high pressure through a
quartz nozzle drawn rom capillary tubing and mounted in an
HPLC lter with 0.5 μm pore size. The lter itsel is mounted
to an XYZ translational stage such that the nozzle orice can be
precisely positioned with respect to the probe laser (Figure 6).
Besides protecting the nozzle rom clogging due to trace
particulates, the lter also controls the microjet temperature,
achieved by pumping coolant through a metal coil soldered to
the lter and monitoring the body temperature (T) with ±0.5
°C accuracy. For an ∼4 μm nozzle exit diameter, the ow rate
at pressures ≳100 bar is ∼0.1 mL/min, resulting in typical jet
speeds o ∼100 m/s. Under these conditions, the laminar ow
length is ≳1 mm, ater which the jet breaks into a stream o
droplets due to Plateau−Rayleigh instability.62 The droplets
are then collected and rozen at the bottom o the vacuum
chamber in a glass bottle submerged in liquid nitrogen.
NO molecules evaporating rom the liquid microjet are

excited on the A2Σ(v′ = 0, J′, ε′) ← X2Π1/2,3/2(v″ = 0, J″, ε″)
band by a pulsed tunable UV output o a requency-tripled dye
laser operating with a 10 Hz repetition rate. The resulting
A2Σ(v′ = 0) → X2Π(v″) uorescence is monitored by a
photomultiplier tube (PMT) perpendicular to both microjet
and laser-beam axes at the center o the chamber. The PMT
signals are integrated over a 500 ns window and normalized to
pulse energy on a shot-to-shot basis. All LIF spectra are taken
with pulse energies ≲0.5 μJ to ensure excitation in a linear
regime.
Figure 7 (lower panel) displays a typical LIF spectral region

or NO evaporating rom a ⌀4.4 μm liquid microjet, with
quantum-state populations extracted by a weighted least-
squares tting based on line positions and absorption
coecients rom the LIFBASE model.63 Sample Boltzmann
plots obtained rom these populations are displayed in Figure 7
(upper panel), or which the rotational levels within each
spin−orbit maniold are described remarkably well by a single

temperature, Trot. O particular dynamical interest, the NO
rotational temperatures (Figure 7) are signicantly cooler (∼50
K at Tjet = 285 K) than the corresponding microjet
temperatures and even exhibit trends in qualitative opposition
(see Figure 8). The central issue is whether such data
necessarily reect nonequilibrium evaporation dynamics o NO
rom the water microjet. This proves to be a hard issue to
address, with our best answer described below!
The microjet literature has tended to ollow the tradition o

estimating collisional impact rom the “number o collisions”
(N0) along a straight line rom the jet to the detection region.
This number can be estimated as N0 ∼ n0σr0, where n0 is the
surace vapor density, r0 the microjet radius, and σ an eective
cross-section or collisions between NO and co-evaporating
H2O, the argument being that i N0 < 1, the eect o collisions
can be neglected. This approach, however, does not take into
account simultaneous evaporation o the water microjet, which
has two eects. The rst is that evaporation cools the microjet,
an eect which can be readily calculated and incorporated into
measurement with our measurement o the bulk microjet
temperature. A second and more important eect is that the
vapor pressure or water is quite high (multiple Torr), with
mean ree path lengths at the microjet surace short enough to
induce additional cooling by an adiabatic expansion(i.e.,
supersonic) expansion.64 Simply stated, the water vapor cools
like a gas expanding through a 1D “slit” orice due to the 1/r

Figure 6. Schematic drawing o the experimental microjet apparatus,
based on laser-induced uorescence (LIF) to probe quantum-state-
resolved NO evaporating rom a liquid-water surace. The down-
stream distance z is measured vertically rom the nozzle exit, with the
radial distance y measured horizontally rom the jet axis toward the
LIF detection region. Adapted with permission rom re 3. Copyright
2019 American Institute o Physics.

Figure 7. Sample LIF data (lower panel) or NO evaporating rom a
⌀4.4 μm water microjet (probe at z = 1 mm, y = 2 mm): experimental
uorescence data (black) normalized to laser pulse energy, least-
squares t (red), and normalized residuals (blue). Rotational
populations (upper panel) or each spin−orbit maniold reveal
excellent linear Boltzmann plot behavior, but at temperatures notably
(ΔT ≈ 20−30 K) lower than the microjet surace (272(4) K).
Adapted with permission rom re 3. Copyright 2019 American
Institute o Physics.
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dropo in density away rom the microjet, which can
collisionally transer and/or remove energy rom the co-
expanding NO. In order to more reliably interpret the apparent
nonequilibrium dierences between NO evaporant and
microjet temperatures, we have developed a simple analytic
model or collisional equilibration o the nascent NO with the
much denser adiabatically cooled stream o co-evaporating
H2O molecules. The details o this analytic treatment are
mathematically intriguing and described in detail elsewhere3
but are not particularly relevant to the theme o this Account;
thus we leave the derivation to the interested reader and simply
quote the simple analytical expression or the nal average NO
temperature: lmoonoo |}oo~oo= +

+
T T R

n r R r R
n r
( )

1
n r

n r

NO 0
0 d 0

0 0

0 0
0 0

(2)

where R ≡ r0/rd is the ratio o the microjet radius to the radius
rd at which NO is detected and γ = CP/CV is the heat capacity
ratio. It should be noted that σ in eq 2 reects an e ective
cross-section or rotationally equilibrating NO with the co-
expanding H2O.

⟨TNO⟩ values calculated rom eq 2 are plotted in Figure 9 as
a unction o Tjet or a range o σ values and parameters r0 ≈
2.2 μm, rd ≈ 2 mm appropriate to the present experimental
conditions. Interestingly, the observed deviation o ⟨TNO⟩ rom
Tjet is correctly predicted to be larger or a warmer Tjet, due
primarily to the strong temperature dependence o the initial
water-vapor density n0(Tjet). However, by ar the most striking
observation in Figure 9 is that both experimental results and
curvature or the ⟨TNO⟩ dependence on Tjet can be well
reproduced with an eective collision cross-section o only σ =
13 Å2, i.e., more than an order o magnitude smaller than
estimates based on total N2−H2O and H2O−H2O collision
cross-sections.65,66 Such dierences probably reect that it
requires multiple collisions to ully equilibrate NO to the H2O
gas temperature. Nevertheless, the model predicts that even

rather modest collisional cross-sections can lead to appreciable
cooling eects, even or N0 ∼ n0σr0 ≲ 1.
We have demonstrated rst ully quantum-state-resolved

measurements or internal-state distributions o molecules
evaporating rom a liquid microjet, specically, NO dissolved
in water. As the key observation, the NO state distributions are
ound to be well described by rotational and spin−orbit
temperatures signicantly lower (by as much as 50 K) than the
liquid surace or the range o temperatures studied (267−285
K). However, a deeper analysis reveals that these observations
could also be consistent with NO evaporating in thermal
equilibrium with the microjet surace but impacted by cooling
due to collisions with adiabatically co-expanding water vapor
prior to detection. Our results indicate that a urther order-o-
magnitude reduction in collision probability will be required to
unambiguously conrm nonequilibrium solute−gas expulsion
dynamics at the gas−liquid interace. Nevertheless, these
considerations already lead us to conclude that even relatively
small collision probabilities exert signicant eects on the
observed internal-state distributions and that results o
previous experiments where collisional eects have been
ignored based on an estimate o N0 ≲ 1 may require a more
careul reinterpretation.
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