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ABSTRACT: Shot-noise-limited direct absorption spectroscopy with a high-resolution
quantum cascade laser is used to explore translational-to-rovibrational (T → V, R) energy
transfer in hyperthermal collisions (Einc ≈ 21(1) kcal/mol) of polyatomic OCS at the gas−
liquid interface. Such data provide first evidence for rovibrational quantum state-dependent
branching into trapping−desorption (TD) and impulsive scattering (IS) pathways for a
polyatomic molecule, with unexpected behavior evident due to novel resolution of vibrational
degrees of freedom. On the one hand, the rotationally hot IS channel reveals negligible
excitation of the OCS bending vibration beyond populations present in the initial supersonic
beam (Tvib ≈ 220 K), consistent with a more “spectator” role for polyatomic vibrations
(Tvib(IS) ≪ TS). On the other hand, however, the data sampled at hyperthermal energies
exhibit evidence of notably greater vibrational energy transfer, yielding vibrational
distributions nearly thermally accommodated with the liquid (Tvib(TD′) ≈ TS), but quite
surprisingly only for the rotationally thermalized TD scattering channel at high energy. This is
in stark contrast with previous gas−liquid studies of OCS energy transfer at low Einc ≈ 2(1)
kcal/mol, for which complete rotational (Trot(TD) ≈ TS) but negligible vibrational (Tvib(TD) ≪ TS) accommodation occurs, which
is in excellent agreement with Landau−Teller−Rapp predictions. Specifically, the results indicate that high energy rovibrational
scattering of polyatomics at gas−liquid interfaces involves nonequilibrium dynamics more complex than simple branching into “fully
thermalized” (TD) and “nonthermalized” (IS) pathways. To help interpret these results, classical molecular dynamics (MD) is
explored for OCS rovibrational excitation on a model liquid surface, which indeed confirms that rovibrational energy transfer at the
gas−liquid interface is influenced by both (i) surface interaction time and (ii) translational energy dependence of the vibrational
excitation rate. The results highlight that the heretofore simply labeled “TD” channel does not necessarily imply complete loss of
collisional memory but instead contains incident energy/internal quantum-state-differentiated pathways exhibiting both equilibrium
and nonequilibrium dynamics.

I. INTRODUCTION
Due to high number densities, strong intermolecular
interactions, and rapid decay of short-range spatial order, the
chemical physics of liquids remains extremely challenging, for
which the gas−liquid interfacial region offers additional levels
of interest and dynamical complexity. Though such an
interface contains only a vanishingly small fraction of a
macroscopic liquid sample, this region nevertheless plays a
crucial role as “gatekeeper” for gaseous projectiles colliding
with the interface in processes varying from (i) thermal
accommodation to (ii) quantum-state-resolved molecular
solvation and (iii) subsequent chemical reaction in the bulk.
Scattering of noble gas supersonic beams at the gas−liquid
interface and probing translational energies and angular
distributions in the recoiling atoms by time-of-flight (TOF)
methods have been extremely informative, as originally
pioneered by Fenn and co-workers1 and elegantly explored
by Nathanson et al., Sibener, and others.2−17 These early

studies often (but not always)17 revealed a surprising simplicity
in the collision dynamics. Specifically, TOF distributions for
the scattered projectile atoms bifurcate into “trapping−
desorption” (TD) and “impulsive scattering” (IS) pathways
with a branching fraction α, with the TD channel representing
when atoms are trapped long enough to “lose all memory” of
initial conditions and eventually desorb. If this TD fraction is
exactly unity (α = 1), then detailed balance principles
rigorously predict the desorbing flux to be in thermal
equilibrium with the liquid temperature (TS).

18 In addition,
however, these studies also revealed a complementary IS
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pathway whereby atoms scatter into a nonequilibrium
translational distribution and therefore retain memory of the
incident collision conditions. By detailed balance consider-
ations, this outgoing IS flux (FIS) must exactly equal the
difference between (i) the incident flux under perfect
equilibrium conditions (Finc, at Tgas = TS) and (ii) the
outgoing TD flux (FTD) for molecules that have fully thermally
equilibrated (TS) with the bulk liquid, i.e., FIS = Finc − FTD.

18

The additional challenge in molecular scattering at the gas−
liquid interface is that such species exhibit internal rovibra-
tional quantum state degrees of freedom beyond those
observable via TOF spectroscopies. For rotations, however,
nature again often offers simplification into two dynamical
pathways: (i) a TD channel corresponding to complete
equilibration (i.e., Trot(TD) ≈ TS) and (ii) a complementary
IS channel comprising all nonequilibrium dynamics. Both TD
and IS pathways from hyperthermal scattering experiments
have been studied by many techniques, including direct
absorption spectroscopy,4,19−24 time-of-flight mass spectrom-
etry,2,5,25 and resonance-enhanced multiphoton ionization
(REMPI)/velocity map imaging (VMI),26,27 with studies
mostly focused on translational and rotational energy transfer
with the surface. The existence of a fully equilibrated TD
rotational channel has been additionally confirmed by
temperature-dependent studies for a number of liquids that
exhibit rotational equilibration (Trot(TD) ≈ TS) with the
interface over a wide range of TS. Surprisingly, however, these
studies often empirically reveal an additional unexpected
simplification, specifically that the nonequilibrium IS channel
exhibits hot rotational distributions that are well-characterized
by a hyperthermal temperature (Trot(IS) ≫ TS). Even more
surprisingly, for self-assembled monolayer (SAM) surfaces and
molecular projectiles (HCl/DCl) accessible via REMPI/VMI
methods, there is also quantitative agreement between
temperatures measured via final rotational (J) and velocity
vector (vx, vz) component distributions in each of the TD and
IS channels.26 Indeed, these studies suggest an even simpler
physical picture of (i) collisional bifurcation into short-lived IS
and longer-lived TD pathways yet (ii) nearly complete
equilibration within each of the TD/IS channels between
rotational and translational degrees of freedom.26,27

Of course, one might expect such simple pictures to break
down under sufficient experimental scrutiny. For example, low-
energy scattering (Einc ≈ 2(1) kcal/mol) of weakly interacting
molecules (such as CO or NO) with liquids exhibits
interaction times too short to rotationally warm up fully to
TS, i.e., exhibiting “subthermal IS” (STIS) rather than true
TD.21−23,28,29 Simple kinematic models even suggest that the
“hot but Boltzmann-like” IS rotational distributions observed
for hyperthermal CO or NO (Einc = 21(1) kcal/mol) might
not reflect true equilibration but rather J-dependent rainbow
scattering smoothed over by, e.g., thermal roughness at the
gas−liquid interface.16 Both the above examples and
exceptions highlight the crucial need for theoretical/
experimental extension of such models for gas−liquid
scattering into new dynamical regimes.
One such area that has remained largely unexplored has

been the quantum-state-resolved dynamics of vibrations at the
gas−liquid interface. Pioneering studies of vibrational energy
transfer for diatomics with crystalline solids was achieved by
Wodtke and co-workers,30−32 who reported dramatic differ-
ences between NO(v) and CO(v) collisions on conducting
versus insulating interfaces. In particular, NO(v) readily

deposits multiple quanta of vibrational energy into Au(111)
metal surfaces (Δv > 10), with only perturbative effects (Δv ≈
0, ±1) observed for collisions from insulators such as NaCl. By
way of clear contrast, vibrational energy transfer to/from
CO(v) was shown by Wodtke and co-workers32 and Novko
and co-workers33 to be extremely inefficient (Δv ≈ 0) for both
metals and insulating materials. Such disparities for NO(v)
between metals and insulators have been rationalized by strong
coupling with electrons inside the solid. Specifically, NO
collisions with metals can energetically access a bound anionic
state (3Σ+, NO−) by electron transfer and become stabilized by
Coulomb attraction with the (+) image charge, a pathway
unavailable for either insulating surfaces or CO molecular
projectiles. As alternatively summarized by Tully and co-
workers, NO vibrations in the projectile are always “resonant”
with the continuum of electron−hole pair excitations in a
conducting metal.34 This perspective also rationalizes the
strong suppression in vibrational relaxation efficiency observed
for both NO(v) and CO(v) on insulating materials, as such
electron−hole pair excitations become energetically inacces-
sible.
The present work extends these vibrational excitation ideas

further to polyatomic projectiles, specifically exploiting high-
resolution infrared lasers and molecular beams to study
quantum-state-resolved scattering of OCS at hyperthermal
energies (Einc = 21(1) kcal/mol) colliding from the gas−liquid
interface. OCS is a linear molecule with three internal
vibrational degrees of freedom (a CO stretch (ν1), a doubly
degenerate OCS bend (ν2), and a predominantly CS stretch
(ν3)), with multiple vibrationally excited states accessible at
these molecular beam energies.35 The small rotational constant
(Brot = 0.20286 cm−1) results in a modest number (∼5−10) of
quantum states under jet-cooled conditions and yet an
experimentally manageable number (∼300) of rovibrational
states at typical beam energies and liquid surface temper-
atures.36 By way of context, previous work has shown that
vibrational energy transfer in polyatomic OCS scattering from
liquid surfaces at low collision energies (Einc ≈ 2(1) kcal/mol) is
extremely inefficient, with the polyatomic vibrations acting as
nearly perfect “spectators” in the gas−liquid collision event, in
good agreement with Landau−Teller−Rapp modeling of the
collision dynamics.37 This article represents an extension of the
previous low-energy studies into the hyperthermal (Einc ≈
21(1) kcal/mol) regime, where one might expect such simple
adiabatic predictions to begin to fail.
The remainder of this paper is organized as follows. Section

II provides experimental details on the polyatomic molecular
beam spectrometer, and section III presents results for jet-
cooled OCS scattering from perfluoropolyether (PFPE) liquid
at high incident energies (Einc = 21(1) kcal/mol) as a function
of liquid temperature (TS). The results recapitulate strong
vibrational adiabaticity in the IS dynamics reminiscent of low-
energy behavior but now with a completely unexpected
sensitivity in the TD channel to TS. Section IV follows efforts
to reproduce these surprising experimental trends with
molecular dynamics (MD) trajectory calculations based on
ab initio scattering potentials. Section V concludes with a
summary of key results and directions for further investigation.

II. EXPERIMENTAL SECTION
The gas−liquid scattering laser spectrometer apparatus used in
this work for quantum-state-resolved scattering has been
described elsewhere16,28,37,38 and warrants only a brief
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overview, with focus on changes relevant to the present study.
The light source is an external cavity quantum cascade laser
(Daylight Solutions), which can generate ∼300 mW of single-
mode infrared light scanned under computer control over the
2000−2200 cm−1 spectral window with a sub-Doppler line
width of ∼10 MHz. The studies take advantage of cascading
frequency measurements for spectral calibration from a
traveling Michelson interferometric wavemeter (Bristol
671B) for rough characterization (<0.1 cm−1), with signals
transmitted through both an off-axis confocal Fabry−Perot
etalon (FSR = 250 MHz, finesse ≈ 20−30) and a room-
temperature OCS gas cell (0.5 Torr, 5 cm path length) for
precision measurement of absolute and relative frequencies
(∼0.001 cm−1) during the actual scan.39 The internal quantum
state (rovibrational) and translational Doppler profiles of the
incident and scattered OCS are measured by direct IR laser
absorption methods, achieved via subtracting signal and
reference beams on matched InSb detectors and with the
signal beam executing a 16-fold Harriot cell multipass across
the scattering region.3,19,40 With balanced, fast analog
electronics, subtraction of signal and reference beams routinely
achieves nearly shot-noise-limited absorbance sensitivities of
∼1 × 10−5 in a 10 kHz experimental bandwidth for ∼20 μW
laser power on each detector.16,37

The scattering measurement system consists of a piezo-
electric molecular beam source, a vertical rotating wheel liquid
target, and a laser multipass, with the laser propagating
perpendicular to the scattering plane formed by the pulse
molecular beam axis and the rotating wheel surface normal.
The piezoelectric beam source41 contains 5% OCS in a balance
of H2 expanded through a 500 μm orifice at a stagnation
pressure of ∼70 Torr, conditions which optimize signal while
still ensuring operation in a OCS nonclustering regime with
the signal linearly proportional to the backing pressure. The
average molecular beam speed of 1700(70) m/s (measured
with a time-of-flight microphone setup) results in an incident
OCS collision energy of 21(1) kcal/mol. The molecular beam
impinges on the surface 65° from the liquid surface normal
with an ∼8 mm diameter collection region centered around
the specular scattering angle. Scattered molecules are probed
from θ ≈ −40 to 75°, with peak collection efficiency around
the specular direction (θspec ≈ +65°) and 70% of the OCS
molecules detected at θ > 45°. The rotational temperature of
the cold molecule beam is Trot ≈ 10 K, with a much warmer
vibrational temperature (Tvib ≈ 220(5) K) estimated from
Boltzmann fits to the (0000), (0110), and (0001) vibrational
state populations.
As described in detail elsewhere,28 the liquid surfaces are

prepared according to procedures developed by Lednovich and

Figure 1. Full sample high-resolution infrared spectrum of OCS scattered from liquid perfluoropolyether (PFPE) at Einc = 21(1) kcal/mol (upper
left panel), with blowup regions illustrating progressively more detail in the rovibrationally resolved spectral features. The upper right panel reveals
both fundamental (1000) ← (0000) and bending hot band (1110) ← (0110) CO stretch progressions sampling different vibrational manifolds. The
lower panel blowup is sufficient to reveal translational Doppler-broadened profiles for each rovibrational transition as well as comparison of
experimental data with the high-resolution model fit. Note the order of magnitude decrease in (0110) vibrational state populations, which explains
the absence of any higher-order multiple-quanta excitations detected in the current studies.
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Fenn,1 with a rotating (ω ≈ 0.2 Hz) bead-blasted stainless
steel wheel (12.7 cm diameter) half-submerged in a temper-
ature controlled liquid reservoir and scraped with a stationary
razor blade to present a thin (∼500 μm), freshly prepared gas−
liquid surface to the impinging molecular beam. The liquid
reservoir is thermally isolated from the rest of the system by
using Teflon spacers, with its temperature stabilized by a two-
stage cooling apparatus. The bulk of the cooling/heating is
achieved by an ethanol recirculating chiller, which in turn is
servoed to a thermistor epoxied to the front of the copper
trough.
This study involves three liquids known from previous

studies to exhibit differing scattering behavior: (1) perfluori-
nated polyether (PFPE) (Krytox 1506, F−[CF(CF3)-
CF2O)]14(avg)−CF2CF3), (2) squalane (2,6,10,15,19,23-hexa-
methyltetracosane, C30H62), and (3) glycerol (1,2,3-propane-
triol, C3H8O3).

20,37 All three liquids have low vapor pressures,
with the highest (glycerol, 0.2 mTorr) still resulting in mean
free collision paths greater than the dimensions of the vacuum
chamber. The liquids are degassed under ∼1 mTorr vacuum at
room temperature for several hours to remove atmospheric
gases or at slightly elevated temperatures (∼350 K) for the
glycerol liquid samples to allow for more complete degassing
within a reasonable time frame.
Each experiment consists of sampling 2000 μs long

absorption traces for the scattered gas pulse on a single
rovibrational transition, with small frequency steps (Δν = 3−7
MHz) over the appropriate ν1 CO stretch fundamental and ν1
+ ν2 ← ν2, ν1 + ν3 ← ν3 hot band frequency range for OCS
(2054.5 to ∼2090 cm−1). This complete scan range is broken
up into smaller “continuous” step scans (∼0.8 cm−1) with a
spacing of 0.7 cm−1 and thus an approximately 0.1 cm−1

overlap to eliminate spectral gaps. Each time trace is converted
into absolute absorbance by integrating over the rising edge of
the gas pulse (300 μs) and then subtracting an equivalent
baseline integration window 400 μs before the start of the
signal. Relative frequencies for each scan are obtained by linear
interpolation between etalon peak maxima in a Fabry−Perot
optical cavity, with absolute frequencies estimated by start/
stop frequency measurements from the Bristol wavemeter.
These initial frequency estimates are then improved to <0.001
cm−1 absolute precision by referencing each scan segment to
the HITRAN database.39

III. RESULTS AND ANALYSIS
IIIA. Vibrational-State-Resolved OCS Scattering Data.

To combine individual scans and extract quantum-state-
resolved column-integrated molecular densities, a global fit to
the full scattering spectra is performed,42 with sample spectral
regions displayed in Figure 1. This fit serves two purposes: the
first is to stitch each of the individual scans into a global
frequency axis, and the second is to permit extraction of
scattered molecular populations. The final adjustment to the
frequency axis is thus a simple linear transformation, where the
global slope and linear offset for each scan are varied to adjust
for small (∼10 ppb typical) day-to-day changes in the
unstabilized etalon free spectral range (FSR) and for any
inaccuracies in the calibrations. First of all, the spectral model
assumes negligible upper-state population for each spectro-
scopic transition, which is an excellent approximation for
vibrations ∼2000 cm−1 above the ground state. Second, we
assume that the Gaussian transition line shapes arise from a

common velocity distribution for each J state, which can be
expressed as a linear superposition:

=A f S f P( ) ( )j
i

i j i
(1)

where A( f j) is the predicted spectrum and Si( f j) is the Doppler
transition line shape (Δν fitted) out of lower state i with
column-integrated populations Pi at frequency f j. The complete
list of transitions, transition frequencies, and integrated cross
sections in eq 1 was obtained from the HITRAN database,43

with only transitions for the two predominant isotopomers
(16O12C32S (94%) and 16O12C34S (4%)) considered. Although
the experimental and theoretical spectra contain over 1000
transitions, extraction of the desired lower-state column-
integrated densities by least-squares fitting of A( f j) to eq 1
represents a well-behaved problem in matrix linear algebra.37

Sample extracted J- and vibrational-state-dependent pop-
ulations from such an inversion procedure for collisions of the
OCS scattering from PFPE liquid are illustrated in Figure 2,

with further parsing of the data (Figure 3) in the form of
Boltzmann plots of ln[P(J)/(2J + 1)] versus Erot for the ground
(0000) and ν2 (0110) bend excited vibrational states. The dual
slope behavior of the logarithmic data in Figure 3 reflect
rotational distributions clearly characterized by a two-temper-
ature Boltzmann model, as often observed in hyperthermal
scattering experiments.16,37,44,45 These population fits assume a
common Gaussian distribution in the lower-state velocity
components, whereas a more flexible and accurate description
allows for different Doppler distributions for the TD and IS
channels. This model achieves excellent least-squares Doppler
fits to the high-resolution spectral scans (e.g., Figure 1), with
velocity distributions depending on the TD/IS branching
ratios characteristic of each vibrational state manifold.
Specifically, transitions out of a given vibrational state are fit
to a two-component Gaussian line shape, with TD/IS Doppler
widths and branching ratios determined by global fits to the
entire spectrum. As used in previous gas−liquid scattering
studies, such a translation−rotation model is

Figure 2. Sample extraction of quantum-state-resolved rovibrational
OCS data from the scattering spectra in Figure 1, revealing substantial
populations in the ground (0000), OCS bend (0110), and CS stretch
(0001) excited lower levels at Einc = 21(1) kcal/mol.
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+
=

+

A J f v
S J N

P J T P f T

P J T P f T

( , , )
(2 1)

( , ) ( , )

(1 ) ( , ) ( , )

i

J v
i

i

,
rot TDrot trans TDvel

rot ISrot trans ISvel

i

(2)

where Prot is a Boltzmann distribution in rotational degrees of
freedom, Ptrans is a Gaussian Maxwell−Boltzmann distribution
describing the transverse velocity component for a given
vibrational manifold, and αi is the fractional population in the
TD channel scattering into a specific vibrational manifold vi.
Such modeling, however, does not include coupling between

the rotational and vibrational degrees of freedom, which
represents an important focus of this work. Indeed, the
Boltzmann plots in Figure 3 illustrate that the crossover (i.e.,
“kink”) between the TD and IS distributions depends on the
vibrational state, which from eq 2 corresponds to different αi
values. One way to capture such effects is that instead of fitting
αi values for each vibrational state, we choose a single global
branching fraction α, with the TD and IS manifolds then
characterized by vibrational temperatures Tvib(TD′) and
Tvib(IS), respectively. Such a vibration−rotation-translation
model can be written as

+
=

+

A J f v
J N

P J T P f T

P v T P J T

P f T P v T

( , , )
S (2 1)

( , (TD )) ( , (TD ))

( , (TD )) (1 ) ( , (IS))

( , (IS)) ( , (IS))

J v,
rot rot trans trans

vib vib rot rot

trans trans vib vib (3)

where for later purposes we now distinguish the TD scattering
channel observed at high versus low Einc by an additional prime
(i.e., TD′ vs TD).
The scattering spectral data can be fit to eq 3 by floating six

temperatures (Trot/trans/vib for both the TD′ and IS channels),
the branching ratio (α), and the overall normalization (N). To
reduce parameter correlation, the TD′ rotational and transla-

tional temperatures are fixed at the bulk liquid values
(Trot(TD′) ≈ Ttrans(TD′) ≈ TS), i.e., a rotational/translational
equilibrium condition explicitly demonstrated in the previous
study,37 though such a constraint does not change any
reported rovibrational temperatures within experimental
uncertainties. A sample spectral fit region is illustrated in
Figure 1, where the sequential blowup highlights both the dual-
temperature Doppler line shapes (e.g., broadening of the
Gaussian base) and dramatic differences in signal strengths for
transitions arising from (0000), (0110), and 0001) lower-state
vibrational manifolds. We note from Figures 1 and 2 that the
populations scattered into even these single-quantum excited
states of OCS are already small (<7−8%), which makes
monitoring multiple-quanta excitation dynamics46 unfeasible at
our current experimental sensitivity and range of TS.
These hyperthermal quantum-state-resolved energy transfer

dynamics have been further augmented by studies on two
additional liquids: a “softer” hydrocarbon surface (squalane)
and a strongly hydrogen-bonded scattering target (glycerol),
with the combined fits results for all four floated temperature
degrees of freedom and three liquids are summarized in Figure
4. If we first focus on the nonvibrational results (orange and

green bars), the data are in excellent agreement with previous
hyperthermal diatomic scattering studies.16,19,47 Specifically,
both translational and rotational temperatures in the IS
channel are 200%−300% higher than TS, with translations
significantly hotter than rotations. Similar trends in rotation/
translation excitation have been reported for hyperthermal
scattering of CO, H/DCl, and CO2 at Einc ≈ 30 kTS.

16,20,26,28

Of greater dynamical interest is the new information about
the polyatomic vibrational degrees of freedom. For the IS
channel, the Einc = 21(1) kcal/mol data largely recapitulate
previous results at Einc = 2(1) kcal/mol. Specifically, the OCS
vibrational temperature (Figure 5, blue squares) neither warms
nor cools appreciably from that of the incident molecular beam
(Tvib(IS) ≪ TS), implying that little vibrational energy is
transferred from either molecule to liquid or liquid to molecule
via IS scattering. However, this is in dramatic contrast to what
is seen for the TD channel (Figure 5, red circles), where
Tvib(TD′) “warms up” from the much colder incident beam
temperature to nearly that of the liquid surface (Tvib(TD′) ≈

Figure 3. Sample rotational Boltzmann plot for supersonically cooled
OCS scattered at Einc = 21(1) kcal/mol from the PFPE gas−liquid
interface into the two lower-state vibrations ((0000) in red, (0110) in
green). Note the clear break evident in each Boltzmann curve,
consistent with dual-temperature microscopic branching into trapping
desorption (TD′) and impulsive scattering (IS) channels, where we
distinguish the high-energy TD channel by the additional prime. Note
also that fitted TD′ and IS lines intersect at different rotational
energies for different lower-state vibrational manifolds, indicating a
shift in the IS/TD′ branching ratio (α) as a function of vibrational
excitation.

Figure 4. Summary of translational, rotational, and vibrational
temperature parameters obtained from least-squares high-resolution
fits to the full CO stretch absorption spectrum of OCS scattered at
Einc = 21(1) kcal/mol from liquid PFPE.
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TS). We should stress that the extent of Tvib(TD′) warming
fully up to the surface temperature (i.e., blue dashed line vs
blue solid line in Figure 5) is not the point of crucial
comparison. It is instead the striking contrast with the
corresponding vibrational behavior in the IS channel (i.e.,
red dashed line with slope ≈ 0), demonstrating negligible
sensitivity to the liquid temperature. One simple physical
picture...would be that, at high incident collision energies, the
OCS molecule now has the opportunity of thermalizing
vibrationally to near surface temperatures, perhaps by virtue of
longer surface residence times in the TD′ channel. Of course,
the conundrum is that under the low-energy collision conditions
studied previously, the TD channel showed no corresponding
propensity for vibrational equilibration with the liquid.37 Thus,
it must be that access to this novel “vibrational warming”
channel both (i) requires hyperthermal incident collision
energies and yet (ii) impacts only the fraction of collisions that
also rotationally/translationally equilibrate with the liquid
(TD′).
To deconstruct these effects in greater detail, hyperthermal

quantum-state-resolved OCS scattering from PFPE has also
been explored over a range of surface temperatures (TS), and
the dependence of the resulting IS rotational/translational
temperatures is plotted in Figure 6a. Though the dynamic
range of TS is modest (ΔT/T ≈ 10%) in absolute terms, the
data clearly demonstrate the IS scattering temperatures
(Trot(IS), Ttrans(IS)) to be insensitive to surface temperature.
This makes good physical sense at Einc ≫ kTS, for which one
predicts the outgoing internal energies (and thus scattered
“temperatures”) to not change significantly with TS. By way of
interesting contrast, however, modest (4−5%) effects on
fractional branching (i.e., α) into the TD′ versus IS channel are
evident, systematically increasing with surface temperature
(Figure 6b). Such α-dependent effects have been reported
previously and attributed to a temperature-dependent increase
in surface roughness, which in turn can facilitate loss of
incident energy and result in a greater propensity for trapping
at the gas−liquid interface.4,14,48

However, the most surprising results from these studies are
evident in the dependence of the scattered vibrational
temperatures (Tvib(IS) and Tvib(TD′)) on TS. First of all, the
IS vibrational temperature (Tvib(IS)) behaves as in previous
low-energy (Einc = 2(1) kcal/mol) scattering, i.e., not warming
from the incident molecular beam temperature (Tvib ≈ 222 K),
even sampled under these much more hyperthermal collision
conditions. Such vibrational adiabaticity would still be
consistent with Landau−Teller−Rapp modeling of the T →
V collisional dynamics, for which one predicts negligible
excitation of the low-frequency OCS bending vibrational
modes even at Einc = 21(1) kcal/mol. More surprising,
therefore, is the much greater sensitivity of the hyperthermal
trapping−desorption vibrational component (Tvib(TD′)) to
TS, for which the vibrational temperature clearly “warms up”
substantially (ΔT ≈ 60 K). We again stress that the crucial
comparison in Figure 5 is the contrasting behavior between the
linearly increasing solid blue line for Tvib(TD′) and the red-
dashed line with vanishing slope for Tvib(IS). At first glance,
this result seems counterintuitive, with vibrational excitation

Figure 5. Least-squares-fitted vibrational temperatures for TD′ and IS
rotational components obtained from the scattered OCS spectrum as
a function of surface temperature at high collision energy Einc = 21(1)
kcal/mol. Note that Tvib for IS scattering (red line) remains
unwarmed from the cold 221 K vibrational temperature of the
incident beam, whereas Tvib for the TD′ component (blue solid lines)
is dramatically warmer (Tvib(TD′) ≈ TS) and clearly sensitive to TS.
This is in stark contrast with low-energy OCS scattering studies,37

which exhibited fully rotationally thermalized TD scattering
(Trot/trans(TD) ≈ TS) without vibrational thermalization to the liquid
(Tvib(TD) ≪ TS).

Figure 6. (a) Impulsive scattering (IS) translational and rotational
temperature parameters and (b) accommodation coefficients (α =
f TD′/( f TD′ + f IS)) obtained from least-squares fit to the scattered OCS
spectrum at Einc = 21(1) kcal/mol as a function of surface
temperature. Note the modest (4−5%) increase in α yet
independence of Trot and Ttrans on TS, consistent with previous
reports4,14,48 of increase in surface capillary wave roughness with
liquid temperature and decreasing residence times for the IS
scattering component at higher collision energies.
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for the TD′ channel at high energies behaving similarly to what
might have37 been expected for TD scattering at low energies,
i.e., complete equilibration with the liquid TS for all
vibrational/rotational/translational degrees of freedom. By
way of comparison, the blue-dashed line in Figure 5 represents
the limit of full vibrational equilibration (Tvib ≈ TS), against
which the Tvib(TD) data (blue points) and linear fit (blue solid
line) clearly demonstrate significant vibrational warming from
the incident beam (Tvib(inc) = 220 K). Although more
theoretical analysis will be necessary to deconstruct such
nonequilibrium quantum-state-resolved excitation dynamics,
one simple physical interpretation would be that the TD′
channel accessed via hyperthermal scattering reflects the
fortuitous combination of (i) high enough initial collision
energy and yet (ii) long enough collisional interaction with the
surface to facilitate vibrational equilibration. To set this in
proper context, however, it is instructive to remember that any
such nonequilibrium energy-dependent dynamics in the vibra-
tional excitation channel violates the canonical TD paradigm of
complete “loss of memory” with respect to incident collision
conditions.
IIIB. Theoretical Molecular Dynamics Simulations. To

gain further physical insight into this novel TD′ paradigm, we
have explored these ideas with molecular dynamics simu-
lations, specifically using the Venus05 platform developed by
Hase and co-workers.37,49,50 In brief, an OCS molecule is
selected from a 15 K rotational distribution with Evib = 0 and
launched at a tunable collision energy (Einc = 1−20 kcal/mol)
and incident angle (θ = 65°) toward a thermalized fluorinated
SAM (FSAM) surface (TS) utilizing a full-dimensional
FSAM−OCS interaction potential as described previously.
This trajectory is propagated until, after having executed at
least one sign reversal in the center of mass (COM) velocity,
the OCS molecule reaches the initial 25 Å distance from the
gas−liquid interface, at which point the interaction potential is
negligible (V ≪ kTS) and the gas−liquid surface collision is
declared complete. One then performs normal-mode analysis
in mass-weighted Cartesian coordinates for each of the OCS
nuclear positions and momenta to project out and record all
vibrational, rotational, and translational energy contributions
to the total asymptotic energy.51

To help interpret such TD-paradigm-violating quantum-
state-resolved experimental dynamics more quantitively,
approximately 1000 MD trajectories for this FSAM−OCS
potential are calculated at each of several hyperthermal
collision energies (Einc = 2, 5, 10, 15, 20, and 50 kcal/mol
and TS = 300 K), with an additional 500 trajectories run at the
lowest “subthermal” values (Einc = 0.1 and 0.5 kcal/mol).
Sample slices through this much larger data set are displayed in
Figure 7a for the resulting rotational energy distributions,
which now exhibit only weak signs of dual-temperature-like
behavior at the very lowest energies (at Erot < kTS). Indeed, the
majority of the OCS molecules scatter in rotational
distributions best described by a single temperature Trot,
which in turn increases gradually with Einc. To simplify such
comparisons and minimize any model-dependent effects,
Figure 7b reformulates the theoretical data in terms of an
“effective” rotational temperature (Trot ≈ ⟨Erot⟩/k) as a
function of Einc. Above some critical energy (Einc ≈ 5 kcal/
mol), such a plot reveals ⟨Erot⟩ to scale approximately linearly
with incident collisional energy, with a threshold energy (Ethresh
< 5 kcal/mol) below which the OCS molecules accommodate
and desorb into final states rotationally equilibrated with TS.

IIIC. Landau−Teller−Rapp Model Predictions. To
understand the more complex vibrational dynamics in these
polyatomic MD trajectories, we track both (i) the total energy
and (ii) the specific vibrational energies, where mode-specific
energies contained in a given polyatomic vibration are
calculated from atomic positions and momenta in the
asymptotically scattered OCS. Specifically, the OCS molecule
is rotated into the Eckart frame, with kinetic and potential
energies for each of the three vibrational normal modes (the
CO stretch (ν1), the doubly degenerate bend (ν2), and the CS
stretch (ν3)) projected out by normal-mode analysis in mass-
weighted Cartesian coordinates.52,53 Sample mode-specific
vibrational energy distributions generated at high collision
energy (Einc = 20 kcal/mol) are displayed in Figure 8a, where
the data for the three vibrations have been displaced for visual
clarity. Crudely summarized, vibrational populations in the ν2
bend manifold look the most “temperature-like” (i.e., exhibit
linear semilogarithmic Boltzmann plots), with the ν1 CO
stretch and ν3 CS vibrations less so and the CO ν1 mode with a
clearly extended high-energy tail.

Figure 7. (a) Rotational Boltzmann plot of molecular dynamics
(MD) trajectory simulation data, indicating a systematic warming as a
function of sample incident collision energy, Einc = 2 (blue), 20 (red),
and 50 (black) kcal/mol. There is likely additional TD′/IS structure
in the Boltzmann plot, which is not evident due to limited trajectory
statistics and why we focus on ⟨Erot⟩/k as the average OCS rotational
temperature. (b) Average OCS rotational temperatures (Trot ≈ ⟨Erot⟩/
k) from trajectory calculations vs incident collision energy over 2
orders of magnitude (Einc = 0.5 to 50 kcal/mol) dynamic range.
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Ideally, one would run sufficient MD trajectories to identify
the separate TD′ and IS rotational contributions (as in Figure
3), extract vibrational temperatures from each of these TD′ and
IS rotational channels, repeat as a function of surface
temperature TS, and thereby permit direct comparison with
the experimental results in Figure 5. Unfortunately, these
vibrational probabilities are quite small, and acquiring sufficient
statistics requires several orders of magnitude more trajectories
than currently feasible. We can, however, calculate the
dependence on incident energy at a single TS = 300 K.
Thus, by way of analogy to the rotational data in Figure 7a, we
display in Figure 8b the average OCS scattered vibrational
energy per mode ⟨Evib⟩ as a function of incident collision
energy. It is clear from this figure that the average vibrational
energy transfer per mode is low compared with the surface
energies kTS ≈ 300 cm−1, with indications of a steep growth in
efficiency at the very highest collisional energies explored.
Furthermore, unlike the experimental data (for which the OCS
vibrations are thermally populated and inefficiently cooled in
the supersonic expansion), the corresponding MD trajectories
start with zero initial vibrational energy, and thus, the final
energies observed must arise completely from energy transfer
mediated by the surface.

Interestingly, vibrational warming of the OCS molecule
exhibits a maximum at both low and high collision energies,
with a minimum energy transfer at Einc of ∼10−20 kcal/mol.
At the highest energies, the steep increase in vibrational energy
transfer can be rationalized from simple Landau−Teller theory,
for which vibrational excitation probability scales as
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where ω is the vibrational angular frequency, v0 is collisional
velocity, and α is the logarithmic derivative of the interaction
potential evaluated near Einc.

54 Based on numerical estimates of
α ∼ 6(1) Å−1, one predicts an ∼10-fold increase in average
excitation probabilities between 20 and 50 kcal/mol incident
energy, in qualitative agreement with these trajectory
calculations.37 In the corresponding low-energy limit, one
expects Landau−Teller excitation to be completely negligible
and thus requires a different mechanism for vibrational
transfer. In a trapping−desorption mechanism, for example, a
lowering of Einc would imply less energy available for
subsequent molecular desorption from the surface, which
could yield exponential growth in residence time and
probability of subsequent warming to TS. However, if such a
vibrational warming were complete, one would predict
equivalent thermalization of all OCS modes at the lowest
collision energies, which is not observed (Figure 8b). Instead,
the vibrational populations exhibit asymptotically flat behavior
at low Einc, with most energy in the lowest-frequency bend
(⟨Evib⟩ ≈ 180 cm−1 vs kTS ≈ 208 cm−1) and the higher-
frequency CO and CS stretch modes lagging by 30%. Although
more sophisticated theoretical efforts would be required to
confirm these ideas, such a combination of high- and low-
energy collision mechanisms nevertheless already captures
many trends in the MD trajectory results. For example, a
greater thermalization of the lower frequency of the OCS bend
versus stretch modes would be consistent with the
exponentially slower predictions of eq 4.
IIID. Potential of Mean Force. To interpret the collision

energy dependence of the OCS vibrational energy transfer
dynamics in even more quantitative detail, we performed
statistical mechanical analysis of the MD trajectories.
Specifically, we focus on two ancillary studies at low (2 kcal/
mol) and high (20 kcal/mol) collision energies with the full
phase space coordinates (positions and momenta) of the OCS
collider recorded at every 3 fs (10 cycles of the MD
propagator). Though such high I/O trajectories are computa-
tionally expensive, ∼750 ns long simulations at each collision
energy are readily achieved. Most importantly, such trajectories
permit calculation of the potential of mean force (POMF)
based on methods described previously for low-energy CO
scattering.28 For a nonequilibrium system, the thermodynamic
POMF is the effective potential at a given coordinate (e.g.,
distance from the surface, R) averaged over all other degrees of
freedom during a series of gas−surface collisions. As a
parametric function of R, we can thereby explore how average
forces between the projectile and the liquid interface impact
vibrational energy transfer dynamics for low (Einc = 2 kcal/
mol) and high (Einc = 20 kcal/mol) collision energies. Figure 9
displays the resulting POMF(Einc; R) calculated from MD
trajectories at these two values of Einc. One striking difference
between these two curves is that the more impulsive high-
energy collisions (20 kcal/mol) exhibit a much shallower

Figure 8. (a) OCS vibrational distributions from MD trajectory
calculations scattered (Einc = 20 kcal/mol) into each vibrational mode
at TS = 300 K (kTS = 208 cm−1). (b) Average energy from MD
calculations for the scattered OCS parsed by vibrational mode and as
a function of incident collision energy. Note the sharp rise in
excitation probability at high Einc and the energy-insensitive plateaus
near Einc = 0 (see text for details).
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POMF well depth with Req ≈ 0 than for low-energy collisions
(2 kcal/mol) sampling more deeply into the interface (Req <
0). Furthermore, at the same distance R from the gas−liquid
interface, higher collision energies consistently access regions
of higher POMF values. Much of this behavior is to be
expected since the potential from the gas−liquid interface
required to scatter OCS molecules with higher kinetic energies
is correspondingly higher. However, the two potentials do
exhibit remarkably comparable slopes in the interior region
(∂V/∂R ≈ −2 kcal mol−1 Å−1), which imply equivalent repulsive
forces felt by the OCS molecule in both low- and high-energy
trajectories even af ter molecular penetration into the interface.
Although more work is clearly necessary for validation, this
dispersion in POMF shape with energy could reflect a linear
combination of trajectories that either (i) thermalize (TD), as
captured predominantly in the low-energy POMF, or (ii)
promptly reflect (IS) due to strong repulsive interactions
between high-energy OCS projectiles and the surface. If so, the
energy-dependent shapes in the low- and high-energy POMFs
could qualitatively recapitulate the microscopic branching
dynamics into what we have experimentally characterized as
TD′ and IS channels.

IV. DISCUSSION: VIBRATIONAL BREAKDOWN OF THE
TD VERSUS IS PARADIGM

The usual dynamical assumptions for microscopic branching at
the gas−liquid interface can be simply summarized as (i) the
TD channel corresponds to “complete memory loss” of the
initial scattering conditions and (ii) the IS channel comprises
all dynamics that is not TD scattering. The remarkable validity
of this TD/IS branching paradigm has been empirically verified
in numerous translational TOF studies2,10,15,48 and, perhaps
more surprisingly, also found to accurately describe transla-
tional/rotational degrees of freedom in many quantum-state-
resolved diatomic gas−liquid scattering studies.6,16,24,28,38,55

Previous studies have indeed indicated a breakdown of this TD
paradigm, whereby scattering at low Einc does not fully
thermalize with the surface in all degrees of freedom, with the
TD′ pathway characterized as the “Boltzmann component”
(BC)17,31 or “subthermal impulsive scattering” (STIS)
channel.28 The present polyatomic scattering studies provide
the first evidence that this TD′ paradigm breaks down in a new
and unexpected way, specifically that OCS rotational and
translational degrees of freedom thermalize with the surface
while the extent of vibrational thermalization depends
sensitively on both the TD′/IS channel and incident beam
energy. As a result, the appealingly simple characterization of
TD′ dynamics as a fundamentally equilibrium scattering
pathway in all internal degrees of freedom is at best incomplete
and underestimates how vibrational energy transfer to/from
the liquid impacts the scattering event.
Although quantum-state-resolved gas−liquid scattering with

polyatomic projectiles will undoubtedly require further
theoretical/experimental efforts, we offer the following simple
physical picture. The high-energy data suggest and are
consistent with microscopic branching between three or
more scattering pathways. (1) A rovibrationally cold incident
molecule scatters impulsively at high energy from the surface,
with the projectile leaving the surface rotationally and
translationally excited but with insufficient time for vibrational
energy exchange to/from the liquid (i.e., the canonical IS
channel). (2) Alternatively, rovibrationally cold molecules have
sufficient incident kinetic energy to penetrate into the liquid,
dissipating sufficient translational energy to become trapped in
a deep POMF well and generate sufficiently long residence
times to allow translational, rotational, and near vibrational
thermalization with the liquid (i.e., the proposed TD′ channel).
(3) Conversely, in the limit of low incident energy, the
projectile is trapped in shallow wells near the surface with high
efficiency but interacts superficially with the liquid, desorbing
before sufficient collisional interaction time has elapsed for
vibrational warming (i.e., the usual TD channel). The key
point here is the additional threefold diversity (IS vs TD′ vs
TD) in dynamical scattering pathways for polyatomic
projectiles, with OCS now demonstrating “vibrational” micro-
scopic branching in the IS channel (i.e., due to strong vs weak
interactions with OCS projectile vibrations) while the TD
channel remains vibrationally unequilibrated.
We can further test the implications of this more diverse

model by inspection of the MD trajectory simulation data.
Specifically, Figure 10a reflects a scatter plot of average
vibrational energy (⟨Evib⟩) gained asymptotically from the
liquid versus duration of the collision trajectory (ttraj),
corresponding to the time to approach, collide with, and
then retreat to ≥25 Å above the interface. This distribution is
also binned logarithmically versus ttraj in the inset, whose
approximate linearity suggests a 1/e average ⟨ttraj⟩ ≈ 15 ps and
that a large fraction of the trajectories occur in <100 ps with
very little transfer of vibrational energy. The key findings are
summarized in Figure 10b, which parses the average vibrational
warming of the OCS bending mode ⟨Ebend⟩ as a function of
incident collision energy (Einc) into short (ttraj ≤ 15 ps) versus
long (ttraj > 15 ps) bins to allow for best separation of “IS-like”
versus “TD′- like” trajectories. Consistent with this simple
model, OCS molecules at longer (ttraj > 15 ps) versus shorter
(ttraj < 15 ps) interaction times indicate much greater
differential vibrational thermalization effects at low energies
compared with these same differences at high collision

Figure 9. Potential of mean force (POMF) extracted from MD
trajectory simulations for high (Einc = 20 kcal/mol) and low (Einc = 2
kcal/mol) collision energies, where R = 0 Å represents the 50%
dropoff point in average F atom density from the terminal −CF3
group. Van der Waals contact betweenthe OCS center of mass and
the PFPE surface occurs beween R = −1 and 0 Å. The plot does not
extend to R < −5 Å since insufficient trajectories penetrate deeply
enough for statistics in that region.
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energies. This physical picture, however, clearly provides only a
crude characterization of what are undoubtedly much more
diverse and dynamically complex relaxation/excitation phe-
nomena, toward which we hope the current study has provided
stimulus for investigation with more sophisticated theoretical
methods.

V. SUMMARY AND CONCLUSIONS
Hyperthermal scattering (Einc = 21(1) kcal/mol) of supersoni-
cally cooled polyatomic OCS from a series of liquids has been
explored as a function of temperature, with high-resolution IR
laser spectroscopy permitting quantum-state characterization
of the scattered rotational, vibrational, and (perpendicular)
translational distributions. Most importantly, polyatomic OCS
has low-energy bend and CS stretch vibrational levels that are
energetically accessible at these collision energies, which offers
first glimpses into the dynamics of “vibrational thermalization”
at the gas−liquid interface. The results reveal that OCS
rotational/translational degrees of freedom are efficiently
excited at high collision energies and well-described by a

two-temperature model, corresponding to microscopic branch-
ing into trapping−desorption (TD) and impulsive scattering
(IS) components as empirically noted for other diatomic
projectiles.16,21,28,29,38

Interestingly, however, the scattering of OCS with respect to
vibrational degrees of freedom does not follow such simple
behavior. Specifically unlike low-energy (Einc = 2(1) kcal/mol)
studies,37 for which the TD rotational channel revealed
negligible warming of OCS vibrations (Tvib(TD) ≪ TS),
microscopic branching at these much higher energies (Einc =
21(1) kcal/mol) preferentially allows OCS vibrations to warm
up nearly to the liquid temperature (Tvib(TD′) ≈ TS) in what
we designate as the TD′ channel. Conversely, high-energy
collisional scattering in the IS channel results in negligible
vibrational energy transfer and warming up from cold
vibrational temperatures in the incident beam (Tvib(IS) ≪
TS). Simply summarized, polyatomic scattering highlights the
nonequilibrium diversity in vibrational versus rotational/trans-
lational energy transfer pathways at the gas−liquid interface as
a function of incident energy.
To interpret this more complex dynamical behavior, classical

molecular dynamics has been pursued for OCS polyatomic
scattering from a model fluorinated self-assembled hydro-
carbon monolayer, with the software allowing deconstruction
of final projectile energies into full translation/rotational/
vibrational degrees of freedom. The results support a simple
physical picture of low-energy collisions (TD channel)
resulting in more short-lived gas−liquid interactions and thus
relatively inefficient vibrational warming to TS. Conversely, at
high collision energies, the trajectories indicate an exponential
increase in vibrational excitation efficiency and are in good
agreement with Landau−Teller theoretical expectations.
However, additional complexities with respect to OCS
vibrational degrees of freedom remain, specifically with the
nominal TD or TD′ channels exhibiting either complete
(Tvib(TD′) ≈ TS) or negligible (Tvib(TD) ≪ TS) vibrational
thermalization in the limit of high and low collision energies,
respectively.
One key conclusion from these experiments is that the

assumption of the trapping−desorption channel corresponding
to the “complete loss of memory” of initial conditions does not
capture the full dynamical picture. Specifically, there is a time
scale for vibrational energy flow from the liquid to the
polyatomic that is finite, incident-energy-dependent, and
significant with respect to residence time in the surface well.
This naturally results in a more complex picture for energy
transfer in polyatomics scattering at the gas−liquid interface
but hopefully also a deeper understanding of quantum-state-
resolved thermalization and microscopic branching between
thermal desorption (TD/TD′) and impulsive scattering (IS)
pathways.
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