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Energy transfer dynamics at the gdigjuid interface have been probed with a supersonic molecular beam of
CO; and a clean perfluorinated-liquid surface in vacuum. High-resolution infrared spectroscopy measures
both the rovibrational state populations and the translational distributions for the scattesdtixCQhe

present study investigates collision dynamics as a function of incident amgle=(0°, 30°, 45°, and 60),

where column-integrated quantum state populations are detected along the specular-scattering direction (i.e.,
Oscat = Oinc). Internal state rovibrational and Doppler translational distributions in the scatteredi€l®

clear evidence fononstatisticabehavior, providing quantum-state-resolved support for microscopic branching

of the gas-liquid collision dynamics into multiple channels. Specifically, the data are remarkably well described
by a two-temperature model, which can be associated with both a trapping desorption (TD) component emerging
at the surface temperatur&d ~ Ts) and an impulsive scattering (IS) component appearing at hyperthermal
energies Trot > Ts). The branching ratio between the TD and IS channels is found to depend strorgly, on

with the IS component growing dramatically with increasingly steeper angle of incidence.

I. Introduction flat surface. In an effort to uncover the mechanistic details of
eqas—liquid scattering, the Nathanson group has examined a
variety of experimental parametérs;! including the depen-
dence on incident angle for several rare-gR&PE system3!!
"These experiments reveal a complex manifold of dynamic
frocesses, where the incoming molecules can scatter through a
variety of pathways on the surface. As depicted in Figure 1, a
simple physical picture has developed that successfully identifies
two qualitatively different classes of collision dynamics: trap-
ping desorption (TD) and impulsive scattering (IS). The TD
pathway refers to incident molecules that lose enough energy
to physisorb transiently to the surface or even momentarily

interactions’ In our previous studies of gadiquid collisions, . . s SIS .
energy transfer from incident translation into the projectile’s dlsso]ve into the I|qU|gI. The ghstmgwshmg feature is that the
duration of such TD interactions is long enough for thermal

internal states has been investigated via molecular scattering . R A
- - accommodation, resulting in energy distributions for the des-
from several liquids over a range of incident enerdieshere

high-resolution absorption spectroscopy has been used toorbed species that are in equilibrium with the surface temper-
measure both quantum state populations and translationalf'jlture (I—S)'.By way of contrast, molecule§ in the 15 chqnnel
distributions for the scattered GQn the present work, we use Interact W'th the s_urf_a_ce by one or relatlv_ely_ few callisions,
this same technique to explore effects of the incident ariiglg ( which perm|_ts a significant fraction Of. the _|nc_|der_1t energy to
on the scattering of C&from a perfluorinated polyether (PFPE) be rt_eta_med in the nonthermal-sgatten_ng dlstrlbuthns. )
liquid2® in an effort to elucidate the important parameters in _ Within the context of this physical picture, experimentalists
gas-liquid scattering dynamics at the quantum-state-resolved have investigated the competition between IS versus TD
level. scattering channels as a function of incident angle. Using time-
Many molecular beam experiments have probed the effects ©-flight mass spectrometry (TOFMS), molecular beams have
of incident angle on gasiiquid scattering. Sinha and Fenn first been scattered off liquid surfaces to explore final translational
scattered atomic Ar off glycerol over a range of incident angles and qngular d|str|bgt|ons. Incident projectiles have ranged from
and energied! At low incident energiesHyo), the scattered ~ &tomic to polyatomié,polar to nonpolaf;®and closed-shell to
argon flux follows a codlsca) distribution independent G radicals!* Likewise, surfaces of interest have included hydro-
indicative of thermal accommodation between the gas and Carbor:-**hydrogen b%”d'”@*g “Operfluorinated:; >*ionic,?2"24
surface. AsEinc increases, however, the measured flux begins 21d metallic I'q“'g_sz’é as well as self-assembled monolayer
to peak at specular-scattering directions (B, 6ind), which surfaces (SAMsj>™** Gas flux measured over a range of

is characteristic of a more impulsive interaction from a relatively SCattering angles reveals a bimodal angular distribution that
corresponds to TD and IS componehts:14.3032As jllustrated

t Part of the “Roger E. Miller Memorial Issue”. in Figure 1, the TD flux of molecules desorbs with a
* Corresponding author. E-mail: djn@jila.colorado.edu. c0S@Psca) distribution while the IS component follows an
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Energy transfer between a gas and surface is a central them
in the description of heterogeneous chemistry at the molecular
level. The collision dynamics depend on the nature of the gas
the liquid, and the system as a whété? Factors influencing
the scattering dynamics include the mass, internal degrees o
freedom, and the chemical structure of the gas projectile, as
well as the composition, temperature, and surface structure of
the liquid. In terms of the gadiquid interface, the energy
transfer process is influenced by collision enetgy! impact
orientation31! and various long- and short-range electrostatic
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D 1S angular distributions for the asymmetric CH stretch excited and
60— A7 ground state molecules indicates that acetylene largely retains
\/ inc m its vibrational energy throughout the scattering event. This
7 Rt retention of vibration holds true even under incident energy
conditions that primarily yield the TD channel, indicating vastly
] different time scales for thermal accommodation of translation
Vg ~ 005805 Opc) and rotation compared to vibration. Such pioneering efforts in
Iyp ~ cos(8c,) guantum-state-resolved dynamics in gaselid scattering pro-
vide a particularly interesting perspective for analogous state-
- resolved collision experiments at the gdigiuid interface.

In this work, we investigate the incident angle dependence
of the scattering dynamics of G&om perfluorinated polyether
(PFPE), with full quantum state resolution of the scattered
species. The results continue to build on previous studies in
PFPE fragment our group of CQwith low vapor pressure quuids,_vx_/here a dua_ll-
F-[CF(CE-)CF,0], CF,CF channel (|.e.,.TD and IS) desprlptlon of the coII|S|qn dynamics

S has been validated for a series of incident energies. We have
Figure 1. Schematic picture for COscattering from liquid perfluo- chosen specifically to focus on G@cattering from PFPE liquids
ropolyether (PFPE) as a function of incident angles, sampling () 4 nigh incident energyB,. = 10.6(8) kcal/mol). Previous
impulsive scattering (1S) and (ii) trapping desorption (TD) channels. studies have shown that the heavy s groups in PFPE
absorb less energy than the lighter 8EH; groups in squalane
and OH groups in glycerdi31” thereby decreasing the TD
fraction [oo = frp/(fis + frp)]. Furthermore, this TD fraction

~C08(Oscar— Osped pattern, withn typically greater than unity.
Results from these experiments clearly show a conversion from

diffuse to lobular scattering, indicative of a decrease in energy has also been shown to decrease with increaBipgt3 717
1

transfer as th? angle (_)f |n0|dgnce |r_10re_ases. ) corresponding to more impulsive interactions with the surface.
In parallel with experimental investigations, theoretical efforts 1 cyrrent experiment explores specular-scattering geometries
have exploited the combination of high-quality g&siface  or incident impact angles that range from normal incidence to
pote_nt|als with molecular dynamlcs _S|mulatlons to further goe off axis. The results provide an opportunity to further test
elucidate th_e fundamental scattering interactins? Re_sults and explore the two-temperature model developed in previous
of these simulations capture many of the experimentally gfforts whereby the scattered rotational distributions were
observed trends, including final angular, translational, and g,rprisingly well characterized by a linear combination of a (i)
rotational state distributions largely consistent with a simple room-temperature TD component and a (ii) hyperthermal, yet
dual-channel scattering mechanism (i.e., TD and IS). However'_Boltzmann-like, IS component. Results and analysis can also

these theoretical studies also reveal that what has been experipg compared to TOFMS experiments for similar systems to gain
mentally classified as the IS pathway can in fact reflect one, ¢ 1ther insight into the mechanistic details of ediguid
two, or even more collisional interactions at the -ghguid scattering at the molecular level.

interface. Of particular relevance to the current work, the The remaining sections of the paper are organized as follows.

presence .Of suchultiple coliisions in the 1S channel prowdgs Section Il describes the geometric configuration of the molecular
opportunities for greater energy exchange between translatlonalbeam, liquid surface, and infrared spectrometer. Section Ili

a!"d _rote_ltlonal degrees_ of freedom, achieving Boltzmann-llk_e includes the incident beam characterization, along with the
d|str|butloniegt]?ga_ctenzed by hyperthermal_ temperatures e ma state populations and translational distributions for the
EXCEss Oﬂ—s'. o S.|mply.stated, the opportunity for Qdd|t|or1al specular scattering of GOrom PFPE. A discussion of the

collisional interactions in what is nominally an impulsive results presented in section IV includes further analysis of the

scattering fr:’ ent prtl)dr_notes artln:orelbm_ltcrg]canoqlcaltsamgl)hntg tOf energy transfer. A summary of the results and final conclusions
energies, thus yielding a hot, albeit thermal, internal state _ . i\-1uded in section V.

distribution in the scattering flux.

In addition to _the TQFMS experiments, Iasgr-based d(_atection II. Experimental Section
schemes have investigated gasirface scattering dynamics to
determine the importance of the projectile’s internal degrees of The essential experimental details include an incident mo-
freedom. Quantum-state-resolved studies examine not only thelecular beam of supersonically cooled molecules, a clean liquid
exchange of energy from the gas to the surface, but also thesurface in high vacuum, and a Pb salt diode laser spectrometer
conversion of energy to rotation and vibration within the to detect the scattered projectiles. Each of these components
projectile. The majority of state-resolved work has focused on has been described in previous pagéfs.In this section,
gas-solid scattering of molecules off metallt&;>C ionic 5154 therefore, we focus only on details specific to the present
and organic monolayer surfac®sin systems such asJNand experiment, specifically emphasizing the experimental modifica-
HCl scattering from Ag(11%} and Au(111)¢ respectively, only ~ tions required to achieve a tunable angle of incidence and
~20% of the incident translational energy is transferred to the detection.
surface. In both cases, the internal populations exhibit a Figure 2 shows the range of configurations used to study the
“rotational rainbow” structure peaking at higkstates that has  effects of incident angle on the scattering dynamics of @
been qualitatively modeled by rigid-rotor hard-cube simulati&ria. liquid PFPE. While our previous studies have focused on
In contrast to the very physically motivated impulsive mecha- scattering at normal incidence, the current geometrical setup
nism for rotational excitation, vibrational energy transfer is has been modified to probe incident angles that range from 0
considerably less efficient. This has been dramatically illustrated to 60°. The incident scattering and detection angles depend upon
by elegant studies in Roger Miller's group of acetylengH§&) the geometrical arrangement of the molecular beam, liquid
scattering from LiF(100)? Specifically, comparison between surface, and laser beam. We define the liquid surface as the
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Specular Scattering Experimental Configuration v_vithin the spectrometer. Appro>_<imately one-third of the col-
0. =0 .= 0°~60° limated laser beam is passed into the vacuum chamber and

inc scat travels parallel to the liquid surface in a 16-fold multipass

4505'3; laser multi-pass configyr_ation‘?'4 Orientation of f[he laser beam_with respect to
0 . ® the origin on the surface defl_nes the detection angle f_or _the

scat/ 30°g W', scattered C@flux. The beam is passed parallel to the liquid

i C\_\'\ surface such that the origin-to-beam distance is 2 cgn=at0°
—o--x--- and®inc = Osca: After the multipass, the transmitted laser beam
,-';' = is focused onto a liquid Ncooled InSb signal detector. A second

fraction of the laser beam is directly focused onto a matched

InSb reference detector, where fast servo-loop-stabilized sub-

traction of signal and reference beams is used to eliminate

common mode noise on the laser light. The subtraction scheme

achieves absorption sensitivities 0f(2) x 1076 Hz=12, which
/renewable is within a factor of 2 of the shot noise limit for thre0.5 uW

./ PFPE surface of laser power on each detector. The remaining fraction of laser

7/ in vacuum light is used in conjunction with a CQeference gas cell and

! x transmission etalon to determine the absolute and relative

4 » o frequency throughout the duration of a laser staf.

2 M Data acquisition includes recording the transient absorption

s pulse as a function of frequency for a series of,€@ibrational

60° i . . .
80 : transitions. The laser is scanned in 2 MHz steps over a given

Figure 2. Schematic-scattering geometry used in the current study, Doppler-broadened_trans_ltlon. _At each frequency, a 2@90
wherefi is the tunable polar angle with respect to the surface normal. sample of the transient signal is recorded to encompass times
A Pb salt diode laser spectrometer is used to extract internal rovibra- before, during, and after arrival of the gas pulse at the surface.
tional state populations/(J) and translational distributionsy) from The full temporal trace is stored for each frequency step to
the scattered CO provide opportunity to analyze the scattered (@pulations
either (i) as a direct function of time for a particular Doppler

x—y plane, where the-axis corresponds to normal incidence  detuning, or (i) as a function of frequency for signals integrated
(0inc ~ 0°) and the origin is the point at which the centerline of jn the time domain. Data analyzed and presented in this paper
the molecular beam intersects the surface. While Cartesianrepresent integration of the time-dependent signal over a fixed
coordinates correspond most naturally to laser characterizationyindow to generate a frequency-dependent Doppler profile,
of the Doppler components, spherical coordinates provide ayhere the 20(:s temporal gate spans the-2B5% rising edge
more simplified description of the scattering geometries. region of the transient gas pulse. More importantly, this time
Therefore, both coordinate systems will be used as needed inyindow is sufficiently short to prevent background contamina-

the experimental description and analysis of the results. tion from reentering the laser beam path that may have collided
The incident molecular beam is prepared by supersonically and equilibrated with the walls of the chamber.
expanding a 10% mixture of GOn H through a 500um As we analyze the measured absorption signals from the

pinhole with a pulsed valve based on the designs of Proch andscattered flux, we need to consider several details about the
Trickl.62 As shown in Figure 2, the valve pivots on an arm incident and scattering angles created by the geometrical
around the origin fot)i,. = 0°—60° at a fixed pinhole-to-surface  arrangement of the molecular beam, liquid surface, and laser
distance ¢ = 10 cm) for each incident angle. A 5.0 mm peam. The angle of incidence is well-defined by the polar angle
skimmer is positioned 2.5 cm downstream of the pinhole to petween the surface normal and the centerline of the molecular
restrict the spread of the centerline incident angle-65. The beam. The scattering angles, however, include a range of
pinhole, skimmer center, and origin are aligned optically with directions because the laser beam detects both in-plang (

a visible diode laser to optimize the beam collimation and fix = 0°) and out-of-planedgs.a= 0°) trajectories. Each absorption
the incident direction. The CfH; gas pulse is 40Qs in profile at a given detuning frequency € o) represents the
duration and impinges upon a fresh PFPE surface in the vacuumdensity of CQ(v,J) with a specific velocity component parallel
which is generated using the methods of Lednovich and®enn  tg the laser beam, i.euy = v SiNOsca) SIN(@sca), Wherev — vg
where a 12.7 cm glass wheel is partially submerged in a 300 = yq/c. In-plane scattering events (i.ey,= 0) are therefore

mL PFPE reservoir and rotates at 0.5 Hz thrOUgh the ||qU|d As detected at the centerline transition frequenmy'(wh“e out-

the wheel emerges from the reseryair6 cmstainless-steel  of-plane trajectories are sampled as a function of Doppler
razor blade scrapes away the topmost layer of the liquid to detuning along the laser path. Although the column-integrated
remove any surface impurities, permitting a freshly renewed detection geometry samples a finite rang@dmand gscas the

surface to rotate into the path of the molecular beam. The wheeladditional capability of high-resolution Dopplerimetry provides
assembly is housed in a 60 L aluminum vacuum chamber, wherenovel information on both in-plane and out-of-plane scattering

a 6 in. liquid nitrogen trapped diffusion pump maintains an events.
average pressure ef3 x 107° Torr with pulsed valve operation )
at 11 Hz and stagnation pressures of 100 Torr. Ill. Results and Analysis

High-resolution laser absorption spectroscopy is used to probe A. Molecular Beam Characterization. The incident mo-
the J-state populations of the incident molecular beam and lecular beam of C@is fully characterized at the beginning of
scattered flux. A narrow-band Pb salt diode laser generateseach scattering experiment. Populations in the ground state
~1—2 uW of tunable infrared light aroundl = 4.2 um, where (00°0) and vibrational hot band (6Q)%> are probed with the
the frequency is tuned by temperature-@cnmY/K) and current diode laser spectrometer in the absence of the liquid wheel
(=2 MHz/uA). The laser output is split into several beams assembly. The internal state distributions are extracted from the
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TABLE 1: Properties of the Incident Molecular Beam and Bulk PFPE Liquid

J. Phys. Chem. A, Vol. 111, No. 31, 2007423

PFPE incident molecular beam
chemical composition F[CF(CR)CF0]14—CF.CFR; gas mixture 10% C&in H,
mass 2400 andu Oinc 0°, 3¢, 45, 60°
density 1.87 g/crh Einc 10.6(8) kcal/mol
melting point —45°C Tt (00°0) 19(3) K
boiling point 200°C Trot (0110) 15(4) K
vapor pressure % 1077 Torr Tuib 175(10) K
viscosity 80 cp vz 1.41(9)x 10° cm/s
compressibility 10° cn?/dyn Avp 63(2) MHz
surface tension 17 dyn/cm

Ky 3.1x 10*Torre

a Average size of Krytox 1506 polymet At 25 °C. ¢ Henry's law constant for COwith C;oF2;0,. ¢ Number in parentheses indicates for
multiple measurements.

series of absorption profiles in both vibrational manifolds, where 14
the absorption profile represents the £{@nsity at a particular
Doppler-detuning frequency. Integration of the absorption
profiles over all Doppler-detuning frequencies generates a N
column-integrated densityA( ;) to capture the entire population
in a particular quantum state. Eadh,; is scaled by the ;
appropriate Hol—London factor &), degeneracy 2+ 1), and ol }I | II
then plotted logarithmically againgtet = Bco,J(J + 1), where o8 1 il b
the slope of the best-fit line characterizes the rotational o4 I1810: i

temperature Tro). The rotational states for both the%0and Ei DR 51 k¢
010 manifolds are cooled 6o~ 15—20 K, and include minor 0. : i fg"‘ Lﬂﬁ ’ L
“freeze-in” effect§®67 for high rotational states in the pinhole ﬁi} ‘ﬁt'; jk i i (/
expansion. A characteristic vibrational temperature is extracted ool® (, ,0 ,4 e T e S
from the ratio of the total populations in the Q0and 010 ] o

1 GHz

manifolds. The degenerate-bending mode of ,A® only _ _ _ : _
partially cooled toT,ip ~ 175 K, which once again illustrates ~ Figure 3. Sample data illustrating measured absorption profiles for
two different incident angles. The solid line represents the line shape

the.dlfflculty n reI.aX|r:g large quanta of energy (667 thin fit from the Dopplerimetry analysis described in section IlIC.
a pinhole expansioff:

The translational distributions in the incident molecular beam systematicallyincreasewith rotational state, a trend that has
are measured with a microphone time-of-flight technique and been observed in other GOliquid scattering systenig.Internal
Dopplerimetry analysis of the absorption profiles. First, the state and Dopplerimetry analyses of these absorption profiles
centerline velocity is measured with a hearing-aid microphone provide a quantitative description of the incident angle effects
in a time-of-flight configuratiof® where the gas pulse arrival in terms of the observable non-Boltzmann scattered flux
time is measured for a series of downstream distances. A simpledistributions.
distance versus time plot reveals the centerline veloegé= The Boltzmann analysis of the scattered flux populations
1.41(9) x 1° cm/s), which agrees quite well with a calculated parallels the scheme outlined for the molecular beam charac-
velocity (vheam= 1.42 x 1P cm/s) based on simple gas-flow terization in section llIA. The absorption profiles are integrated
formulas®® In addition to the centerline velocity, Dopplerimetry  to column densitiesA, ;) to represent the total quantum state
analysis of the absorption profiles extracts the transverse velocitypopulation that has been detected over the ranges@f and
distributions since the molecular beam is perpendicular to the fixed 6scarangles. Since the incident molecular beam overlaps
laser beam. Each Doppler profile is fit with a Voigt line shape in time and space fofi,c = 0°, the scattered flux populations
function in a nonlinear least squares fitting algorithm. The for 655t = 0° have been corrected for minor incident beam
Gaussian componenfApp = 63(2) MHz] characterizes the  contamination caused by the “freeze-in” effects of the pinhole
transverse translational distribution of the skimmed molecular expansion. However, no corrections are necessary for any of
beam, while the Lorentzian component accounts for the residualthe nonnormal trajectorie§;,c = 30°—60°, since the incident-
line width of the diode laserAv. ~ 20 MHz) due to current  skimmed molecular beam completely misses the laser on the
noise. Since the pinhole expansion is symmetric about the path from the pinhole to the surface. Once the appropriate
centerline axis, the extracted Doppler widths characterize both adjustments have been made, each column density is scaled by
the x- andy-transverse velocities. The results of the molecular S and 2 + 1 and then plotted in the standard Boltzmann
beam characterization are summarized in Table 1. fashion. The sample plot in Figure 4 shows clear curvature in

B. Incident Angle Dependence of CQ+ PFPE: Internal the population distributions for each incident angle. Similar non-
State Distributions. High-resolution absorption profiles of  Boltzmann distributions have been measured for other scattering
rotational states within the 80 and 020 manifolds have been  conditions, all of which have been characterized with a two-
measured for scattered GOff PFPE over a range of incident  temperature Boltzmann functidf.19:36.37.39,69
angles atEj,. = 10.6(8) kcal/mol. Sample absorption profiles The two-temperature Boltzmann analysis partitions the scat-
are shown in Figure 3 fdinc = Oscar= 30° and 60 to illustrate tering into two channels: trapping desorption (TD) and impul-
the qualitative differences observed in the scattering distributions sive scattering (IS). The analysis is based on describing the total
as a function of incident angle. The rotational state populations population as the sum of the TD and IS components, where the
shift from low to highJ-states as the incident angle is increased quantum state distribution of each subpopulation is well
from 3C° to 60°. Nonthermal dynamics are also apparent within characterized with a rotational temperatufe,(TD/IS). The
eachJ level. Specifically, the absorption profile Doppler widths model assumes that molecules scattering through the TD channel

8.8

i inc st
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J. —30°-30°

0% ¥ ¢\

e cEm o
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thereby characterizes the vibrationally excited ,G@th Ty
(TD/IS) rotational temperatures. Parallel structure in the scat-
tering dynamics between the ground state and hot band once
again illustrate the efficiency of energy flow into rotation, but
not into vibration.

T The parameters within the two-temperature Boltzmann fit
600 60° provide the opportunity to test the effects of incident angle
against physical intuition. First of all, the TD fractioa)(for
__45° 45° CO;, has been plotted in Figure 6a as a functiond@f/Oscas
The values for. decrease from 0.54 to 0.29 fg. increases
T30° 30° from 0° to 6C°, which is qualitatively consistent with the range

of gas-liquid studies outlined in section | where the TD fraction
0°  0° drops as energy transfer becomes less efficient. In terms of a
' simple hard-cube collisio?f, energy exchange between the gas
emperature
fit and surface depends upon only the normal component of the
projectile’s momentum. Within this framework, the projectile
; : : : : : retains a larger fraction d,c aséi.c increases since the incident
0 200 400 600 800 1000 1200 1400 1600 momentum shifts from the normal to parallel direction, thereby
4 decreasing the trapping probability.
Emt (cm ) In addition to the TD fractiond), the characteristic rotational
Figure 4. Sample Boltzmann plots fafne = fscar= 0°, 30, 45°, and temperatures provide further insight mto_the_energy transferred
60°. Non-Boltzmann distributions are observed at each incident angle. during impactTio(IS) andTyi, are plotted in Figure 6b, also as
The populations are well modeled as the linear combination of TD a function offind/0scas to illustrate two important trends. First,
and IS components, where each subpopulation is described by aT,x(IS) ranges from 720(30) K at normal incidence to 1220-
rotational temperaturelo(TD/IS). (40) K at i = 60°, which clearly indicates that the scattered
CO; retains more of,c in the rotational degree of freedom
for glancing versus normal incident collisions. In contrast to
the extensive rotational excitationl,, remains relatively
constant at aubthermatemperature o&£240 K. AlthoughT,ip

In[(A, /S)/(21+1)]

0

thermally accommodate with the surface, thereby desorbing with
To(TD) ~ Ts ~ 298 K. The quantum state populations are fit
to the following two-temperature Boltzmann function:

A, increases fromr175 K in the molecular beam, the cold-
= p = NP + (1 - @)PsIP(2) (1) scattering temperature reveals the lack of translational-to-
S ' vibrational energy transfer in the collision. Such a trend nicely

) o ) ) complements the vibrational energy transfer studies of Miller
whereN is a normalization constant arud is the fraction of and co-workers for @, scattering from LiF(100j2 which
molecqles in the TD channePTD/|s(Q) and Pun(v) are the indicated CH stretch excitation to be effectively decoupled from

abilities: the CQ bend vibration (667 cm), which has a further 5-fold
—ErofkTio(TD/IS) reduction in frequency from the asymmetric CH stretch ;jhlg:_ _
P ()= (23+1)e @ Nevertheless, the clear contrast between internal state excitation
TD/IS Q,(TD/IS) in COyx(v,J) illustrates that TD and IS interactions are both
limited to time scales where translational energy can transfer
g /KT to rotation, but not to vibration.
Puin(v) = Q—'b @) C. Incident Angle Dependence of C@ + PFPE: Trans-
v lational Distributions. The narrow bandwidth of the diode laser
The scaled column densities for both the?@@&nd 010 spectrometer provides a way to determine the translational
manifolds are simultaneously fit to extract T,e(1S), andTyip, distributions for the scattered flux of GOA general Dopple-

where T,o(TD) is fixed at 298 K to help minimize parameter rime_try analysis of the abso_rption profiles has _been outlined in
correlation. The extracted parameters for all incident angles aresection llIA, where the line shape analysis extracts the

listed in Table 2. translational distributions for the scattered £@ a direction
The results from the two-temperature fit are used to normalize Parallel to the laser beam. As discussed in the previous section,
the scattered quantum state populations for tH® @dd 010 the laser detection scheme is only sensitive taff@omponent

vibrational manifolds. The fractional populations are reported ©f the scattered velocity distribution. Analysis of this component,
in Table 3 and plotted in Figure 5, which includes the two- however, provides complementary physical insight into the two-
temperature fit that nicely accounts for the non-Boltzmann temperature description of the TD- and IS-scattered populations.
behavior. In addition, the individual TD and IS components have  The Doppler-broadened line shapes are first fit with a Voigt
been plotted to qualitatively show the fractional partitioning of line shape function that uses a nonlinear least squares fitting
the two scattering channels. Arrows on the plot indicate the algorithm. The Gaussian componemtv() of the Voigt line
rotational state where the TD contribution to the toAa} is shape reflects a Maxwellian velocity distribution that is char-
50%. Asbic increases, the arrows progressively shift to lower acterized by a single translational temperatlizg,s with a small
rotational states, indicative of a higher fraction of IS population Lorentzian component accounting for residual diode laser line
in the total scattered flux. The fractional hot-band populations width contributions to the overall Doppler profile. Absorption
(x10) have been plotted to illustrate the independence of profiles for the 080 manifold are fit to extractyansas a function
rotational and vibrational excitation. The {01populations are of J for all the incident energies, which are listed in Table 4.
well fit by the two-temperature Boltzmann function, which TyandJ) values are plotted in Figure 7 to show tlestate
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TABLE 2: Two-Temperature Boltzmann and Dopplerimetry Analysis

ginc (deg) Hsca? (deg) (08 Trot(ls) (K) Ttrans(ls) (K) Tvib (K) [EscamEinc |:stca(ls)mzinc
0 0 0.54 (3Y 720 (30) 850 (30) 235 (5) 0.30 (3) 0.45 (4)
30 30 0.51 (3) 860 (40) 880 (50) 237 (5) 0.33(3) 0.49 (4)
45 45 0.42 (3) 945 (60) 1120 (60) 247 (5) 0.42 (4) 0.60 (5)
60 60 0.29 (2) 1220 (40) 1130 (80) 238 (9) 0.51 (4) 0.65 (6)

2 fscat reflects the specular angle in thie z scattering plane® Numbers in parentheses represent the estimated error from the two-temperature
fit over several data sets.

TABLE 3: Quantum-State-Resolved CQ Populations

einc_escat
0°—0° 30°-30° 45°—45° 60°—60°
J population J population J population J population
00°0 J-State Populations(1072)2

0 —b 0 0.25 (1% 0 0.26 (1) 0 0.19 (1)

2 - 2 1.24 (1) 2 1.14 (2) 2 0.86 (3)

4 - 4 2.23 (1) 4 2.08 (5) 4 1.55 (7)

6 - 6 3.07 (4) 6 3.0(3) 6 2.12 (1)

8 — 8 3.9(2) 8 3.41(9) 8 2.85(9)
10 - 10 4.41(9) 10 4.0 (3) 10 3.2(1)
12 5.4 (1) 12 5.03 (9) 12 4.8 (3) 12 3.4(2)
14 6.0 (2) 14 5.5(2) 14 5.1(5) 14 3.94 (8)
16 5.90 (8) 16 5.70 (2) 16 5.2 (4) 16 4.2 (2)
18 6.2 (2) 18 5.64 (9) 18 5.2 (5) 18 4.3(2)
20 6.14 (9) 20 5.5(2) 20 5.3(2) 20 4.4 (1)
22 5.5(1) 22 5.5(2) 22 5.2 (4) 22 4.22 (8)
24 5.42 (9) 24 5.2 (2) 24 5.1(4) 24 4.29 (9)
26 4.79 (8) 26 4.8 (1) 26 4.57 (3) 26 4.07 (7)
28 4.55 (3) 28 4.46 (4) 28 4.37 (8) 28 4.1 (1)
30 4.29 (2) 30 4.3(2) 30 3.98 (5) 30 3.8(1)
34 3.40 (2) 34 3.65(8) 34 3.62 (7) 34 3.5(2)
36 3.15(9) 36 3.11 (6) 36 3.3(2) 36 3.22 (5)
38 2.76 (2) 38 2.70 (3) 38 3.21 (4) 38 3.05(9)
40 2.32(2) 40 2.39 (4) 40 2.57 (2) 40 2.87 (1)
42 1.99 (2) 42 2.14 (4) 42 2.5(1) 42 2.72 (9)
44 1.71 (5) 44 1.88 (6) 44 2.32 (5) 44 2.42 (4)
46 1.53(1) 46 1.67 (3) 46 2.16 (3) 46 2.34 (5)
50 1.10 (2) 50 1.39(3) 50 1.62 (3) 50 2.13(1)
54 0.78 (2) 54 1.19 (5) 54 1.23(3) 54 1.91(3)

01'0 J-State Populations{104)

6 5.6 (9) 5 4.0 (7) 2 3.4(12) 5 5.4 (31)
8 7.6 (5) 7 6.5 (17) 5 4.2 (3) 7 3.9 (6)
10 9.0 (6) 9 8.7 (12) 7 5.6 (21) 9 5.4 (31)
12 9.1 (7) 10 7.8 (6) 9 7.7 (10) 11 8.1(9)
13 9.6 (4) 11 6.4 (18) 10 7.2 (4) 13 8.5 (21)
14 11 (1) 12 8.3(2) 11 7.0 (26) 14 6.7 (14)
16 10.0 (2) 13 10.1 (9) 12 7.9 (16) 22 5.8 (8)
21 9.1(112) 14 9.8 (7) 13 9.3 (6) 23 6.0 (9)
23 7.4 (4) 15 10.1 (6) 14 10.1 (1) 25 6.4 (5)
24 8.7 (5) 22 9.1(8) 23 8.4 (11) 26 8.2 (24)

31 4.8 (3) 23 8.1(4) 28 7.5 (8) 27 8.1(9)
38 2.7 (5) 25 8.9 (1) 29 6.4 (12)

26 10.4 (8)

27 7.8(7)

29 7.1(2)

aNormalized to total populations predicted from the two-temperature analysis described in secfibowlJ-state populations are not reported

because of contamination from the incident molecular béaralues in parentheses represeatfar multiple measurements.

dependence on translational distributions, wheggsincreases

with J for all incident angles. These same trends have been Tyan{TD/IS). The total line shape is

the translational distribution for each channel with a temperature

observed in our incident energy studies of GO which lead
to a two-temperature line shape analysis to describe the trendSi (v — Vo) = N{o,,Grp(v — vo) + (1 — 0)gis(v — vo)}  (4)
in TyandJ) in terms of a shift in the line shape contributions
from TD to IS at higheiJ-states.

The two-temperature line shape analysis parallels the devel-
opment of the two-temperature Boltzmann function described o= oPrp(d)
in section IIB. The analysis is based again on describing the T aPrp(d) + (1 — a)Ps(Jd)
total absorption profile as the sum of individual TD and IS line
shapes, where each component is modeled with a Voigt functionwith probabilitiesPp,s(J) defined by eq 2. We again assume
and commomv, . The two Gaussian components characterize that the TD component has reached thermal equilibrium with

wherea is the fraction of TD molecules peFstate

()
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Figure 5. Fractional populations for both @@ and 010 manifolds,
plotted with the two-temperature TD/IS Boltzmann fits described in
section IlIB. Note that the G0 populations have been magnified by
an order of magnitude.
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of a, are calculated from the parameters listed in Table 2. The gata. The single-temperature fit of a two-temperature line shape

oy values and fixed TD width allow us to determine the
amplitudes of both the TD and IS components. Armed with
this information for eachi-state, we can fit the Doppler profiles
with the total line shape function to extract the full width at
half-maximum (fwhm) of the IS component, which in turn yields
an estimate foflyand1S). The robustness of this algorithm has
been tested by analysis over a serieg-sfates; the extracted
value of TyandIS) proves to be constant to within 5% over all
J-state absorption profiles at a given incident angle.

agrees remarkably well with the experimentally determined
values ofTyandJ) for the scattered CQabsorption profiles.

IV. Discussion

The IS and TD components of the scattered,@@pulations
have been isolated with a two-temperature analysis of the
internal state populations and the corresponding translational
distributions. The two-temperature Boltzmann analysis reveals
the balance between TD and IS scattering shifts from one to

The two-temperature line shape analysis provides a simplethe other as the incident angle increases frdhtd60°. As

physical picture to describe the correlatdgadJ) values

discussed in the Introduction, the mechanistic details of-gas

presented in Figure 7. The measured absorption profiles reflectliquid scattering depend upon the energy transferred during the

the relative fraction of TD to IS populations. As the IS fraction

interaction. In the following section, we calculate the fraction

increases toward unity at high rotational states, the IS transla-of energy transferred to the surface as a functiorfgf to

tional distribution contributes more to the total absorption determine if the measured trends are consistent with a change
profile, thereby leading to an increase in width for the overall in energy transfer. The estimated fraction of energy exchanged
line shape. To illustrate how this width evolves, valuesdor through the IS channel is also compared with atd?FPE
Trand TD/IS), andT,o(TD/IS) have been used in egs 4 and 5 to studies to illustrate the differences in scattering based on the
construct an empirical two-temperature line for each rotational internal degrees of freedom in GAn addition, we compare
state. These two-temperature line shapes are then fit with athe extent of rotational excitation between £®FPE and
single-temperature Gaussian function to extiagtdJ), which molecule-metal scattering to gain further insight into the

is plotted as a solid line in Figure 7 along the experimental similarities and differences between liquid and solid surfaces.
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holds true over all the incident angles, then the total IS
600 1 e translational energy iskIyand!S). Since angular distributions
300 T2 - tend to shift toward lobular scattering 8. increases? the
value of XTyandIS) most likely represents a conservatioeer
0 , , , , , , limit for the total IS translational component. Even so, this
60°  60° assumption gives us an opportunity to comparetdite energy
1200 | 1130(70)K retained in the C@with other atomic projectiles, which is
approximately
900 -
600 4 EEscam a{ kTI’Ot(TD) + 2thrans(TD)} +
(1 - (1){ kTrot(IS) + 2thrans(|S)} (6)
300 -+
0 where the IS fraction is
J When divided byEinc, the values are an estimate for the fraction
Figure 7. J-state-dependent translational distributions of scattered CO  of energy retained in the scattered £These fractions are listed
A single-temperature line shape analysis yields,{J), while a two- in Table 2 and plotted in Figure 8 as a functi®p,/0sca; Where

temperature line shape extractg.n{IS). The solid line is a single t
Gaussian fit for a reconstructed two-temperature line shape (see text
for details).

he trend clearly indicates a decrease in energy transfer as
molecules impinge from larger angles.

From this analysis, the energy transfer and trapping prob-

The total energy in the scattered &8 calculated from the ability for CO, colliding with PFPE parallel the general trends
rovibrational state populations and the correlated translational observed in atomt liquid scattering studies. Specifically,
distributions. Direct measurement of the rotational state distribu- incident angle effects have been previously investigated with
tions leads to the average internal enef@iy, [ of the scattered rare gas scattering of Ne, Ar, and Xe from PFPBat= 25°,
CO;, flux. Since the progression of GQtates extends beyond 45°, and 63.511 Measurements of the scattered flux intensities
the tuning capability of the diode laser spectrometer, this averageshow broad distributions as a function of final angle, where
internal energy/[E, ;) is calculated by elementary statistical intensities peak toward specular angles. The general trends
mechanics from the characteristic rotational and vibrational indicate that energy transfer is sensitive to both the incident
temperaturesT,o(TD/IS) and Tyip. To include translational  and recoil angles of the gas projectile. For example, when
energy, Tyand TD/IS) values are used from the high resolution scattered from PFPE &, = 19 kcal/mol, argon atoms in the
Dopplerimetry analysis of the absorption profiles. Rigorously, IS channel retairc30% of the incident energy a#nd/Oscat=
the line shape analysis characterizes only one of the three25°, which increases te=70% at6ind/0scat = 65°. By way of
velocity components, specifically. The two additional velocity =~ comparison, the IS energy retention fraction for Qlliding
distributions, v, and v,, are estimated based on our physical with PFPE atEn. = 10.6 kcal/mol is 49(4)% and 65(6)% for
model of the scattering system and previous studies of similar specular scattering #&.. = 30° and 60, respectively. To first
systems. Specifically, the total translational energy for the TD order, the C@molecules and argon atoms retain approximately
component is RTyan{ TD) based on our assumption that the TD the samefraction of incident energy at a given incident angle
channel is characterized by diffuse thermal scattefirigom- when undergoing collisions through the IS pathway. In fact,
pared to the well-determined TD component, the two unknown based on the expected growth from our previous stéitlias
IS velocities are estimated from the results of Hase and co- [EscofIS)Einc With Einc, the energy retention fraction for GO
workers, where they show that the IS flux follows a ks is likely to increase, and may even exceed that of Ar, for studies
angular distribution foBi,. = 0°.2° If this angular distribution at the sameincident energy. Such a trend would suggest an
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TABLE 4: Quantum Dopplerimetry Analysis of CO , Absorption Profiles

Hinc_escat
0°-0° 30°—-30° 45°—45° 60°—60°
J Ttrans (K) J Tlrans (K) J Ttrans (K) J Tlrans (K)
00°0 Translational Temperatures

0 —a 0 370 (30) 0 390 (30) 0 480 (80)

2 - 2 380 (10) 2 400 (20) 2 470 (60)

4 - 4 360 (30) 4 400 (30) 4 480 (10)

6 - 6 360 (20) 6 440 (10) 6 450 (30)

8 - 8 370 (30) 8 410 (20) 8 440 (10)
10 - 10 360 (20) 10 420 (30) 10 440 (10)
12 - 12 370 (10) 12 450 (10) 12 470 (50)
14 350 (10) 14 380 (10) 14 440 (10) 14 490 (20)
16 370 (40) 16 360 (10) 16 460 (20) 16 500 (30)
18 400 (10) 18 410 (10) 18 470 (10) 18 550 (50)
20 430 (30) 20 400 (40) 20 480 (10) 20 550 (10)
22 460 (10) 22 420 (50) 22 480 (20) 22 540 (50)
24 460 (10) 24 420 (20) 24 540 (30) 24 610 (20)
26 500 (20) 26 450 (20) 26 570 (20) 26 620 (30)
28 490 (20) 28 490 (10) 28 580 (30) 28 700 (30)
30 520 (20) 30 490 (10) 30 610 (20) 30 720 (50)
34 570 (10) 34 530 (10) 34 720 (20) 34 710 (60)
36 570 (20) 36 570 (30) 36 710 (20) 36 770 (50)
38 600 (10) 38 610 (20) 38 770 (10) 38 840 (20)
40 620 (30) 40 640 (10) 40 770 (20) 40 840 (10)
42 640 (20) 42 670 (20) 42 840 (20) 42 940 (20)
44 630 (20) 44 680 (40) 44 850 (20) 44 940 (20)
46 680 (20) 46 650 (40) 46 890 (20) 46 990 (20)
50 700 (10) 50 760 (10) 50 920 (40) 50 1020 (10)
54 740 (40) 54 790 (40) 54 980 (60) 54 1030 (90)

a Absorption profiles for lowJ-states are not reported because of the contamination from the incident molecular beam.

initially counterintuitive result: energy transfer to the surface at6i,c = 45°, the average Cg&rotational energy increases from
is less efficient for structured projectiles because of the [E[r 0.03 kcal/mol in the supersonic molecular bearfigg{]
propensity to convert collision energy into rotation of theLCO  ~ 1.3 kcal/mol in the scattered flux. In a comparison to-gas
One important dynamic difference is particularly worth metal systems, studies of HEAU(111) have revealed scattered
noting. While the IS energy transfer efficiencies may be similar, species withE.[~ 1.3 kcal/mol for a room-temperature surface
CO; stores nearly one-third of its total recoil energy in rotation at Ej,c = 17.9 kcal/mol® Despite differences in terms of
compared to Ar, where all energy is retained in translation. Thus, rotational constants and incident collision energies, similar
the internal degrees of freedom in €@rovide qualitatively rotational excitation between these two systems illustrates a
new channels for redistribution of the incident translational common motif of energy flow from translation into rotation of
energy, which would tend to incread®c,(IS)/Einc. Physically, the scattered projectile during the gamurface interaction.
one can imagine a picture in which energy redistribution occurs ~ While the magnitude of translational-to-rotational energy
through transient scattering into excited rotational states upontransfer may be comparable, the translational distributions of
first collision at the gasliquid interface, where the molecules the scattered molecules do illustrate qualitative differences
then escape in an IS fashion via subsequent interaction(s) withbetween the liquid and solid surfaces. Specifically, for each-gas
the surface. On the other hand, such initial torque upon impact solid metal system, molecules excited ihigh rotational states
enhances the interaction time with the liquid, which quite likely exhibit a lower translational kinetic energy. The strongly
enhances the efficiency of TD collisions that successfully anticorrelated scattering behavior qualitatively contrasts with
dissipate their incident energy into the surface. Thus, for the the results of C@from PFPE, wherebyigh rotational states
same collision energy and incident angle, one might expect theare also observed to bdaghly excited in translation as well.
trapping desorption fractior to increasefor structured (e.g., One must first consider whether such a trend in the present
CQy,) versus unstructured (e.g., rare gas) projectiles, even thoughstudies is complicated by mixed contributions from both TD
the fraction of molecules that do escape via the IS channel mayand IS scattering. However, even after isolating the TD and IS
carry awaymoreenergy per molecule. Clearly this is an area fractions, this striking difference survives, as shown in Figure
where molecular dynamics simulations are likely to be particu- 6b whereT,o(IS) essentially parallel$yan{IS) for all incident
larly useful in quantitatively interpreting these experimental scattering angles. Such discrepancies between theligagd
observations. and gas-solid scattering dynamics suggests different mecha-
A comparison to other state-resolved-scattering systems helpsiisms for each type of interaction. Rigid-rotor hard-sphere and
explore the role of translational-to-rotational energy transfer for hard-cube mode?s6%71.72have qualitatively reproduced the
CO,. Several molecutesolid metal experiments provide a basis results for gassolid metal-scattering systems, yet are unable
for comparison as well as contrast with the £Qquid system. to capture the trends in rotational populations observed in-gas
The progressions of rotational populations reveal “rotational liquid scattering'” The divergence of the two types of systems
rainbows” for a variety of metal scattering systems, which reflects many of the qualitative differences between the two
include N> from Ag(111)#* HCI from Au(111)#6 and NO from surfaces, which includes how the local interaction environment
Ag(111)#749 Although no such “rainbows” are observed for changes a relatively smooth and hard solid to a much softer
CO,—liquid scattering, rotational excitation is a common path and potentially much rougher gakquid interface. Within this
for energy transfer during the collision. For specular scattering physical picture, we investigate alternative models that include
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interactions beyond a single impulsive collision with a smooth tions3239to multiple collisions with a single surface site, as

surface site to uncover the mechanistic details associated withwell as multiple collisions with different surface sites. Such a

our two-temperature description of the scattering populations. range of interactions likely contributes to a more microcanonical
Characterization of the IS population with a temperature Sampling of both rotational and translational degrees of freedom,

evokes a mechanism where Sing|e up to mu|tip|e—gﬂgface which would begin to rationalize (|) a pOSitiVe correlation

interactions play an important role in final scattering distributions Petween rotational/translational energy in the IS channel as well

of CO,. While such a distribution of interactions is necessary as (ii) a hyperthermal, but nevertheless more temperature-like,

to generate a temperature, it is worth noting that previous description of C@—PFPE scattering distributions.

TOFMS studies have successfully modeled the IS channel as a )

singlenonthermal interaction within a hard-sphere picture. For V- €onclusion and Summary

example, oxygen scattering from squalane displays broad final  Quantum-state-resolved dynamics of carbon dioxide and
IS energy distributions that cannot be characterized by a perfluorinated liquids continue to uncover physical insights into

Maxwell—Boltzmann function at any temperatufe'*Instead,  the fundamental interactions between a gas and liquid surface.
a kinematic analysis of the average final O-atom velocities in The |aser-based detection scheme complements the enormous
a center-of-mass frame reveals that the oxyd&n ¢ 11 keal/ efforts of TOFMS experiments and high-level theoretical
mol) collides inelastically with an effective surface masg)(  simulations. The central themes discovered in previous studies

of 109 amu. When the model is corrected for internal excitation continue to be reinforced at the quantum state level. Specifically,
of the interacting surface fragment, hard-sphere collisions the incident angle of the projectile determines the probability
between oxygen anths quantitatively predict the fraction of () of trapping through energy deposition into the surface. As
energy transferred to the surface. These results indicate that the), . increases, the observed trends include a decrease in the TD
broad distributions observed reflect the large diversity in the population, increased excitation in both rotation and translation,
local liquid surface environment. Similar distributions are and yet no change in the magnitude of the vibrational excitation.

ubiquitous throughout the majority of gabquid studies}”  These trends are consistent with finite interaction times for
where the IS channel fails to emerge from the surface with any molecules in the IS channel, where facile translational-to-
characteristic translational temperature. rotational excitation is achieved, yet with insufficient temporal

While single interactions with highly corrugated surfaces may duration to facilitate the translational-to-vibrational transfer of
be responsible for the broad IS distributions typically measured even relatively low-frequency Cending vibrational quanta.
in gas-liquid scattering, experiments by Flynn and Mullin have Further insight into this time scale is provided by the hyper-
illustrated how single collisions produce both Boltzmann thermal Boltzmann-like description of populations that have
rotational and Maxwellian translational distributions for scattered been isolated in the nominally impulsive IS channel. The isolated

CGO; in the gas phase. When a room-temperature i@racts IS temperatures most likely reflect the effect of multiple “soft”
with vibrationally excited perfluorobenzenedf),”® the rota- single collisional interactions in the scattering event, which

tional state distributions of C£J00°0) are Boltzmann and are  provides a sufficiently microcanonical sampling of rotational/
well-characterized by a single rotational temperature of 795 K. translational energies in the scattered,@®achieve distribu-
As for translation, the absorption profiles are Gaussian with tions well characterized by a common, albeit hyperthermal,

characteristic temperatures that range from 820 Klfer 58 temperature.
to 1880 K forJ = 82. While both degrees of freedom are
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