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Evaporation and Scattering of Neon, Methane, and

Water from a Dodecane Flat Liquid Jet
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! Department of Chemistry, University of California, Berkeley, CA 94720, USA
2 Chemical Sciences Division, Lawrence Berkeley National Laboratory, Berkeley, CA 94720, USA

3 Author to whom correspondence should be addressed: dneumark@berkeley.edu

ABSTRACT

The evaporation and scattering of Ne, CD4, and D20 from a dodecane flat liquid jet are investigated in a
molecular beam apparatus. The experiment yields translational energy distributions as a function of
scattering angle by means of a rotatable mass spectrometer. In the evaporation experiments, one observes
a Maxwell-Boltzmann distribution with a cosf angular distribution superimposed on a weak, isotropic
background. The scattering experiments show contributions from impulsive scattering and thermal
desorption. At select incident angles for the three systems, angular distributions show super-specular
scattering for the impulsive scattering channel, an effect attributed to anisotropic momentum transfer to
the liquid surface. The impulsive scattering channel is analyzed with a soft-sphere model to explore energy
transfer between the scatterer and liquid as a function of deflection angle. Compared to Ne scattering, the
polyatomic gases exhibit more thermal desorption and, in the impulsive scattering channel, a higher degree

of internal excitation.


mailto:dneumark@berkeley.edu

I. INTRODUCTION

The gas—liquid interface is a chemical environment omnipresent within nature. It plays a key role in the
physiology of the air-lung interface! and in industrial processes such as air—fuel mixing in internal
combustion engines.? It is also instrumental in atmospheric chemistry and environmental science through
acid rain formation,* tropospheric aerosol surface chemistry,® and the uptake of anthropogenically
generated carbon dioxide at the ocean—air interface.” Previous studies have shown that interfacial
chemistry can substantially differ from the interactions that take place in the bulk.*'* For example,
enhanced surface chemical reaction rates have been reported compared to bulk reaction rates in studies of
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thin films and microdroplets, and surface-specific spectroscopic properties along with interfacial

structural information have been gathered through sum frequency generation techniques.!’!”
Molecular beam scattering has proved to be a complementary and powerful method for studying
interfacial chemistry. This method was originally developed to study single collision dynamics between

2022 and scattering from solid surfaces.?*->® More recently, Nathanson and co-workers

gas phase molecules
have pioneered experiments in which molecular beams scatter from liquid surfaces, uncovering
unprecedented mechanistic detail behind gas-liquid interfacial interactions.” *° Here, we report
experiments on the evaporation and molecular beam scattering of CD4 and D20 from a flat liquid jet of
dodecane. We compare our results to a revisit of a recent study on Ne evaporation and scattering from
dodecane in our laboratory’! and to earlier experiments by the groups of Nathanson and Minton on
scattering from squalane.®* 3

Previous work on molecular beam scattering from both liquid and solid surfaces has revealed two
limiting mechanisms at the interface, impulsive scattering (IS) and thermal desorption (TD), associated
with fast and slow velocity distributions, respectively.?®: ** In the IS limit, incident gas molecules recoil
from the surface elastically or only lose a fraction of their initial energy. On the other hand, TD represents

molecules with residence times long enough at the liquid surface to experience a two-step surface-trapping

mechanism comprising thermalization and subsequent desorption. In the IS channel, gas scattering



partners are detected preferentially at outgoing angles highly dependent on initial energy and impact angle,
whereas TD ideally yields a cosé angular distribution with respect to the surface normal.>* ** This simple
dichotomy provides a limiting rather than all-encompassing explanation for scattering at the gas—liquid
interface; however, it is still a useful framework for the interpretation of our results, and we use it as such
throughout this work.

In order to perform molecular beam scattering experiments targeted at the gas—liquid interface, the
sample must possess a clean surface and be compatible with a vacuum environment. Originally, a “wetted

h36, 37

wheel” approac was used to study low vapor pressure systems (< 10~ Torr) with success.** 34! The

development of vacuum-compatible, micrometer-thin cylindrical jets by Faubel and co-workers*> 3
enabled scattering experiments to be carried out on higher vapor pressure, more volatile liquids, such as

1,446 and salty water.*”>*® While scattering experiments based on

dodecane,* surfactant-coated glycero
these methods have elucidated interfacial interactions and reactivity, the wetted wheel is unsuitable for
high vapor pressure liquids in a vacuum chamber while cylindrical jets present a very small scattering
target and do not allow for well-defined scattering angles.*

These considerations motivated a recent study in our laboratory®' in which we scattered a beam of Ne
atoms from a flat liquid jet of dodecane generated by a microfluidic chip as the liquid source.*’ The flat
liquid jet offers significant advantages in such experiments as its dimensions are more commensurate with
those of a typical molecular beam (~1 mm), yielding a considerably improved signal-to-noise ratio
compared to scattering from a cylindrical jet. Moreover, the flat jet presents a well-defined surface normal
for the measurement of angular distributions. We measured the angular and translational energy
distributions for Ne evaporation and Ne scattering from dodecane, demonstrating the feasibility of probing
interactions at the gas—liquid interface for a liquid whose vapor pressure (Pvap = 1.5 x 1072 Torr at 275 K)

is too high for a wetted wheel experiment. We also measured IS/TD ratios for various scattering angles

and analyzed the IS pathway to determine energy transfer at the interface as a function of deflection angle.



A natural extension of this work is to scatter molecules with the same mass as Ne from a dodecane flat
jet. Nathanson previously investigated the scattering of Ne, methane, and deuterated water from a squalane
(Pvap = 1077 Torr at 295 K) wetted wheel,> where it was found that Ne scattering resulted in a higher
IS/TD ratio than CH4 and D20 scattering. Energy transfer at the gas—liquid interface was higher for both
polyatomic molecules than for Ne. However, this study was performed at a fixed deflection angle, limiting
a key parameter in characterizing interfacial interactions. Scattering of Ne from squalane was also
investigated theoretically by Hase and co-workers by means of classical trajectory calculations.>

Here, we examine the scattering of CD4 and D20 from a dodecane flat jet to explore the effects of
additional degrees of freedom in a molecular scatterer. Improvements to the operation of the mass
spectrometer since our first paper led us to re-investigate Ne scattering as well. CD4 is larger and more
polarizable than Ne, while D20 possesses a nonzero dipole moment. In addition, the solubilities of the
three scatterers in hydrocarbons differ, as summarized in Table 1.

Table 1. Properties of Select Gas Scattering Partners

Ne “CDs4 D20
bRadius (&) 1.5 2.0 ~1.4
bPolarizability (A%) 0.4 2.6 1.3
"Dipole moment (D) 0 0 1.8

Solubility in dodecane 3.48x10* 545x107° 91.95x 1072
Ku (xsoln/Pvap)

°Free energy of solvation 18.1 11.8 8.94
AG;olv (k] mol_l)

“Values reported for CHa. *Taken from ref.*? ‘Taken from refs.’!: 32, Values reported at a partial pressure

P = 1 atm and temperature T = 298.15 K. “Value reported for H20. “The free energy of solvation is given
by AGgoy = —RT InKy.
As before, we carry out evaporation and scattering experiments to characterize the IS and TD channels

through the measurement of angular and translational energy distributions. For certain incident angles, the

maximum intensity of the IS channel occurs at non-specular outgoing angles due to anisotropic
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momentum transfer to the surface. We find considerably more TD with the molecular scatterers than for
Ne, although the angle-dependent trends for IS versus TD are similar. Additionally, fitting the IS channel
to a kinematic model for surface scattering as a function of deflection angle shows more loss of incident
translational energy for the polyatomic gas scatterers that is attributed to rotational excitation of these

species from collisions with the liquid surface.

II. EXPERIMENTAL METHODS

Experiments are carried out on a crossed molecular beam instrument*’> 48

adapted for gas—liquid
scattering, as described in detail previously." 3% 3* Three regions, evacuated by turbomolecular pumps,
comprise the total apparatus—a source chamber where the molecular beam is generated, a collision
chamber where the beam interacts with the liquid jet, and a triply-differentially pumped rotatable detector
chamber housed within the collision chamber that comprises an electron impact ionizer, quadrupole mass
filter, and ion detection assembly. Further detail regarding the modifications made to render this apparatus

appropriate for the study of gas—liquid scattering can be found in our previous work.>! A schematic of the

scattering setup is shown in Fig. 1.
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Figure 1. Schematic diagram of the scattering setup. All components are situated inside the collision
chamber (not shown). Lines indicate the molecular beam (red trace) striking the flat liquid jet surface and
scattering from it (blue trace). The chopper wheel can be translated perpendicular to the detector axis
(indicated by the heavy double-sided arrow). Inset schematic defines the incident angle 6, detector angle
6, and deflection angle y = 180° — (6i + 6k).

In the source chamber, a pulsed molecular beam is generated using a piezoelectric valve (MassSpecpecD

BV, Enschede).>> ¢ The neon molecular beam is prepared by seeding Ne (99.99 % purity) in helium at a



1:9 ratio. The methane molecular beam is prepared by seeding 0.75 % CD4 (99 % purity, 99 % D, Sigma—
Aldrich) in helium. Stagnation conditions for both the Ne and CD4 molecular beam are typically 290 K
and 3000 Torr, resulting in a supersonic expansion of the gas mixture through the 500 um valve orifice.
The water molecular beam is prepared by bubbling helium gas through a glass reservoir containing D20
(99 % D, Sigma—Aldrich) held at 4 °C in a single pass. Stagnation conditions are typically 290 K and 1100
Torr, optimized toward minimizing the fraction of water dimers present in the beam. In order to quantify
dimer formation, we measured the intensity of D2O" and (D20)D", the primary ion fragment of the
deuterated water dimer subject to electron ionization.”’** We found that the (D20)D" to D2O" ratio was
consistently at or below 5 % under these conditions. During water evaporation experiments, a dimer ratio
of 6 % was present. No multimers beyond dimers for D20 and no dimers for CD4 were detected.

To investigate gas—liquid interactions, a liquid jet is generated in the collision chamber by a microfluidic
chip.** The chip can be configured toward cylindrical or flat jet operation as described previously;
however, we exclusively present results from the flat jet mode in this work. The liquid is transported to

the jet nozzle at a flow rate of 3.5 mL min'. This results in a flow velocity of 10 m s™!

, corresponding to
a detector viewing time of approximately 0.5 ms in evaporation and scattering experiments (~5 mm at the
interaction region with the detector gate valve opened to a 3 x 3 mm? aperture). Typical dimensions of the
first flat jet sheet are 1.5 x 4.5 mm? (W x H) with a thickness estimated to be ~1.5 um at its center.®®
The solvent is cooled prior to arriving at the jet nozzle and the temperature of the liquid jet is recorded
using a thermocouple attached to the stainless-steel chip holder. We assume that this Zhoider is equal to the
temperature of the liquid at the chip outlet. The true liquid temperature 7iiq is defined as the jet temperature
at the detector axis. The temperature difference Tholder— Tiiq 1s estimated to be less than 0.5 °C owing to
the high isobaric heat capacity and low vapor pressure of dodecane.®"> ©? In the evaporation experiments

Tiiq=273 and 274 K for dodecane doped with CD4 and D20, respectively, and Tiiq =269 K for all

scattering experiments.



The velocities of the molecular beams are characterized by time-of-flight (TOF) measurements using a
rotating chopper wheel spinning at 200 Hz. This disk contains two slits (16 pus opening time) to temporally
“chop” the most intense part of the beam. For evaporation experiments, the chopper is present along the
detector axis and its position is used to set time zero for the TOF spectra. During scattering experiments,
the wheel is removed and time zero is defined as when the most intense part of the molecular beam reaches
the interaction region. For Ne, CDs, and D20, the velocities are 1562 + 165, 1732+ 185, and
1791 £347ms! (FWHM), with mean translational energies of 23.7, 29.3, and 33.4 kJmol !,
respectively.

In the evaporation experiments, no molecular beam is present, and the liquid surface is positioned such
that the surface normal is perpendicular to the molecular beam axis. Resulting detector angles 6r then
range from 0 to 90° with respect to the surface normal. To prepare the sample, either CD4 or D20 is
dissolved in dodecane (n-Ci2H26, TCI America #D0968). For CDa4, this is achieved by vacuum-degassing
the liquid. The liquid reservoir was simultaneously sonicated and pumped with a mechanical pump for 10
minutes followed by bubbling the 0.75 % CD4/He mixture until the reservoir is pressurized slightly higher
than atmospheric pressure (~850 Torr). This cycle was performed five times. Prior to preparing the D20
sample, the dodecane reservoir was vacuum degassed with pure He in an analogous manner as described
above. Then, approximately 1 mL of D20 was added to ~500 mL of dodecane and stirred overnight. After
stirring, the sample was vacuum degassed for only one cycle. Care was taken to ensure that the remaining
pure D20 after stirring was not incorporated into the liquid jet.

In the scattering experiments, pure dodecane was used after vacuum-degassing with pure He. The
incident angle i, scattering angle 6, and deflection angle y = 180° — (6i + 6r) are defined in Fig. 1. The
incident angle 6, set by rotation of the flat jet, is chosen to be either 45, 60, or 80°. Outgoing angles 6r,are
then confined to between 90° — 6i and 90° due to the geometry of the scattering apparatus. This results in
a deflection angle y with minimum values of 45, 30, and 20° for the above three values of @i, respectively.

Each incident angle shares the same maximum deflection angle of 90°. Since the chopper wheel is



removed in the scattering experiments, the temporal resolution of the measurement is limited by the
duration of the pulsed beam. For Ne and CD4, the valve opening time is set to 15 ps, while it is set to 30 ps
for D20. This results in temporal widths of 28, 26, and 43 ps measured at the detector, respectively (see
Section III). Background signal is excluded by subtracting “beam-off” from “beam-on” data.

To account for long-term signal instabilities and reduce systematic error in the evaporation experiments,
angular distributions from the flat liquid jet are measured in a back-and-forth manner from integrated TOF
spectra collected at fr ranging from 0 to 90°. Setting the 0° TOF spectrum as our reference, all other signal
intensities are calibrated as required. For the scattering experiments, the integrated TOF spectra collected
at 0i =45, 60, and 80° are calibrated to the corresponding 6t =45, 90, and 80° TOF spectra, respectively.
Acquisition times at each angle are typically 5-10 minutes and all data are collected with 80 eV electron

kinetic energy from the ionizer.

ITII. RESULTS AND ANALYSIS

A. Evaporation

Evaporation studies of CD4- and D20-doped dodecane solutions isolate the TD pathway. TOF spectra
of CD4 and D20 evaporating from flat jets of their doped dodecane counterparts are shown in Fig. 2. The
evaporation of CDs is shown in Fig. 2(a) for detector angles 6r of 0, 30, 60, and 90°. Analogous spectra
for D20 are shown in Fig. 2(b). Upon integrating the fitted TOF spectra, angular distributions are

generated where total intensity is plotted as a function of 6 in Fig. 3(a) for CD4 and Fig. 3(b) for D20.
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Figure 2. Normalized evaporation TOF spectra of (a) CD4 from a CDs-doped liquid dodecane flat jet at
273 K and (b) D20 from a D20O-doped liquid dodecane flat jet at 274 K. TOF distributions are fitted with
a combination of Maxwell-Boltzmann velocity distributions at the liquid temperature (blue traces) and at
Tvkg =131 K for CD4 evaporation and 123 K for D20 evaporation (light blue traces). The absolute intensity
of the Tbkg component is kept constant for all angles. The sum of the two contributions is shown by the
green traces.
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Figure 3. Angular plots created from the integrated, non-normalized intensities of the Maxwell—
Boltzmann simulations at Tiiq and 7Tvkg (blue circles and cyan triangles, respectively) of (a) CD4 and (b)
D20 evaporation data at various detector angles. The cosine function representing the expected angular
distribution for evaporation is indicated by the dashed, gray curve.

When evaporating particles are fully thermalized with the surface liquid, the product flux f can be

described by a Maxwell-Boltzmann (MB) flux distribution®

5 mv?
fup(v) o v= exp <— 2RT,, ) €Y)
iq

where v and m are the velocity and molecular mass of the evaporating molecule and R is the universal gas
constant. We find that the TOF spectrum at 8¢ = 0° is well-fitted by an MB distribution at Tiiq, and there is
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a slight broadening of the temporal distribution toward longer times as 6 increases. At 0r= 90°, the
evaporation profiles for both CD4 and D20 are slower and broader than all other detector angles.

These “sub-Maxwellian” distributions at increasing 6r were also seen in our previous study on the
evaporation of Ne from Ne-doped dodecane jets, where we found that the corresponding TOF profiles
could be represented by a linear combination of MB distributions, one of which captures the Ne
evaporation process at Tiiq while the other accounts for a constant cold evaporative Ne background at 7k
comparable to the temperature of the cryogenically cooled Cu wall housed in the collision chamber. The
evaporation data here are analyzed by a similar procedure; the TOF spectra are fitted by a linear
combination of two MB distributions at Tiiq (blue trace) and 7Tvkg= 131 and 123 K (cyan trace) for CD4
and D20, respectively. The background contributions are significantly lower here compared to Ne
evaporation.

The contributions from the two distributions are integrated at each scattering angle, resulting in the
angular distributions shown in Fig. 3. The dominant contribution follows a cos&r distribution, as expected
for an evaporation process.* ®> Since CD4 and D20 evaporation follow such a distribution, along with
exhibiting Maxwellian behavior, it appears that these species escape from the jet without significant
distortion of angular and velocity distributions that would be expected if significant gas-phase collisions
occurred post-desorption. Similar results were seen for Ne evaporation from a Ne-doped dodecane flat
jet.3! This result demonstrates that scattering experiments with CD4 and D20 as gas scattering partners are
unlikely to be affected by beam-vapor collisions.

Regarding the isotropic contribution, the Cu cold wall temperature was experimentally measured to be
150 K. Considering the above fitted Tbkg values and the lower vapor pressures of CD4 and D20 compared
to Ne, it is reasonable that a small, constant background signal is observed as these molecules evaporate
from the jet, are captured through cryo-condensation, and subsequently desorb.%® It also follows that the

isotropic background contributions for both CD4 and D20 are considerably smaller than that for Ne. For

all three solutes, this results in a gradual spectral broadening toward longer arrival times as 6r increases
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because there is less evaporative flux from the jet owing to the cosine law. Note that for all three species,
contributions such as dodecane fragments or doubly ionized residual argon background to the TOF spectra
have been systematically addressed and determined to not contribute to the isotropic background.

B. Scattering
Fig. 4 shows TOF spectra of Ne, CDas, and D20 scattered from a flat dodecane jet; as mentioned in the

Introduction, Ne scattering was re-investigated here due to improved operating parameters for the
quadrupole mass spectrometer. In this work, we present new data for “fast” Ne (herein, simply referred to
as Ne and seeded in a 1:9 ratio in He), while results from “slow” Ne (pure, Ei = 6.3 kJ mol!) are
reproduced from our previous work.’! The incident angle is 6; = 60°, and results are shown at select
detector angles 6 along with TOF spectra for the incident molecular beams. Figs. 5 and 6 show results in
which Ne, CD4, and D20 molecules are scattered at incident angles of 6i =45° and 80°, respectively.
Integrating the fitted TOF spectra for scattered Ne, CDs4, and D20 molecules yields the angular
distributions shown in Fig. 7 for the three incident angles. For all incident angles, as 6 increases, the TOF
profiles shift toward earlier arrival times, i.e., the opposite trend to what is seen in evaporation. Overall,

CD4 and D20 scattering result in similar TOF spectra.
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Figure 4. Normalized TOF spectra of (a) Ne, (b) CD4, and (c) D20 scattering from a dodecane flat jet
with 6 = 60°. The data are fitted by the sum of an SS distribution (red traces) and an MB distribution (blue
traces) at the liquid jet temperature (7iiq = 269 K). The sum of the two contributions is shown by the green
traces. The normalized temporal profiles of the pulsed molecular beams (measured without the chopper
wheel) are shown at the bottom for reference. Mean translational energies Ei for Ne, CD4, and D20 are
23.7,29.3, and 33.4 kJ mol !, respectively.
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Figure 5. Normalized TOF spectra of (a) Ne, (b) CD4, and (c) D20 scattering from a dodecane flat jet
with 8; = 45°. The data are fitted by the sum of an SS distribution (red traces) and an MB distribution (blue
traces) at the liquid jet temperature (7iiq = 269 K). The total fits are shown by the green traces.
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Figure 6. Normalized TOF spectra of (a) Ne, (b) CD4, and (c) D20 scattering from a dodecane flat jet
with 8; = 80°. The data are fitted by the sum of an SS distribution (red traces) and an MB distribution (blue
traces) at the liquid jet temperature (7iiq = 269 K). The total fits are shown by the green traces.
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Figure 7. Angular plots created from the integrated, non-normalized intensities of scattering with rows
corresponding to i = 60, 45, and 80° at various detector angles for columns corresponding to (a) Ne, (b)
CDa4, and (c) D20. Blue squares represent the TD and red circles the IS contributions to the TOF fits. The
cosine function representing the expected angular distribution for evaporation is indicated by the dashed,
gray line. Arrows indicate the specular angle.

As in previous work, the TOF distributions are fitted using two contributions assigned to a faster
component from IS and a slower one from TD. To model the IS channel during a scattering process, a flux

distribution for a supersonic (SS) molecular beam was used in the fitting process:®” %
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m(v — Vss)2> )

fss(w) x v* exp <— 2RTgs
with average flow velocity vss and average temperature 7ss. The TOF spectra are then fitted with a linear
combination of SS and MB distributions representing the IS and TD scattering channels, respectively.?”
% Note that the fitting procedure involves convolution with the molecular beam temporal profiles shown
in the bottom panels of Fig. 4.

The best fit SS and MB contributions are plotted as red and blue traces, respectively, in Figs. 4—6. The
general trends are that at each incident angle 6i, the relative contribution from TD decreases with
increasing 6. This trend is consistent with the expected cosfr angular distribution for TD and is the reason
why the TOF distributions become narrower and faster as fr increases. At each 6i, we observe that TD is
considerably smaller for Ne than for CD4 and D20, and that the IS/TD ratios for CD4 and D20 are roughly
equal across the entire data set. Finally, for a given detection angle 6, the IS/TD ratio increases with
increasing 6;, 1.e., at more grazing collisions for all three scatterers. This holds true for slow Ne scattering
as well. Note that there is considerably less TD for Ne compared to our earlier work,’! a result attributed
to the improved mass spectrometer operating conditions used here. However, the same parameters in Egs.
1 and 2 fit the TD and IS contributions to the Ne TOF spectra here and in our previous study.

Inspecting the angular dependencies of the integrated IS and TD fits for i = 60° in Fig. 7, the peak
intensity of the IS channel is slightly larger than the 60° specular scattering angle for all three gas scattering
partners, each peaking at r= 70°. This effect, which is present but less obvious at 8i =45°, has been

observed previously in gas—solid scattering’® 7!

where it becomes more prominent as the incident beam
translational energy increases. Meanwhile, the TD components follow a cosér angular distribution for all
three solutes. This latter observation signifies that during scattering events, the trapped particles have
undergone thermal equilibration with the liquid surface. For the other two incident scattering angles, the
TD components again closely follow a cosfr angular distribution with IS components peaked at or near
their respective specular angles. For all three species, the increase in IS/TD ratios as both #iand 6r increase

has been observed previously in liquid scattering experiments.3!> 337273
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Fig. 8 shows the TD fraction at s = 60°, defined as TD/(TD+IS), for Ne, CD4, and D20 scattering as a
function of incident angle. Also included are the TD fractions for slow Ne. All scatterers show that the
TD fraction decreases with increasing 6i, confirming the trend from inspection of the TOF spectra. For all
three incident angles, the highest and lowest TD fractions are seen for slow and fast Ne, respectively; the
TD fractions for CD4 and D20 are similar to one another and lie between the Ne results. This trend holds
true in Fig. 9 as well, where the TD fractions for these gas scattering partners are plotted as a function of

deflection angle. As y increases, the TD fractions also increase for all three solutes.
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Figure 8. TD fraction at fr = 60° as a function of incident angle for Ne, CD4, D20, and slow Ne
(Ei = 6.3 kJ mol ') scattered from a dodecane flat jet.
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Figure 9. TD fraction as a function of deflection angle for Ne, CD4, D20, and slow Ne scattered from a
dodecane flat jet at 6i = 60°.
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C. Kinematic Models

We next consider energy transfer at the interface based on the scattering experiments. Through analyzing
the IS components of the TOF spectra, the change in translational energy of the incident Ne, CD4, and
D20 beams can be deduced. As a result, the average fractional energy loss in the IS channel can be

described as a function of deflection angle according to the “soft-sphere” kinematic model:’+7

Eint (,Ll + 1) [ + V- ZRTliq

o G

af 2“ Eint
<Ei) 1+ )2 + u(sin y) cosxj p?%(sin y) E (n+1)+ E

Here, the absolute change in translational energy is AE = Ei — (Eis), with incident translational energy Ei
and average energy in the IS channel (£is). Other parameters are the mass ratio u = mgas/mefr between the
gas molecule and the effective surface mass (representing the mass of the surface atoms that participate
in an IS event), the deflection angle y = 180° — (6i + 6r), the total internal excitation Eint (i.e., for the
scatterer and the liquid), the liquid temperature Tiiq, and the gas—surface interaction potential V. We have
successfully applied this model in our Ne-dodecane scattering study, and it has found success elsewhere
in other gas—liquid’® and gas—solid”’ scattering studies.

The measured fractional translational energy loss as a function of deflection angle is plotted in Fig. 10
for Ne, CDa, and D20 scattering. As in previous work on liquids,*"> 3 7® AE/E; increases at larger values
of y and shows little or no dependence on 6i. At 6i = 60°, the energy loss for CD4 increases from 0.27 to
0.61 between y = 30° and 90°. For D20, the analogous values vary from 0.27 to 0.64. These ranges for
energy loss are similar to one another and are greater than the range of 0.15 to 0.46 observed for Ne. This
trend remains true for the other two incident angles explored in this study. Numerical values for fractional

energy loss at y =90, 60, 45, and 30° are listed in Table 2.
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Figure 10. Average fractional energy loss as a function of deflection angle for impulsively scattered (a)
Ne, (b) CD4, and (c) D20 from a dodecane flat jet. Incident translational energies are 23.7, 29.3, and
33.4 kJ mol™!, respectively. The solid lines give predictions for the soft-sphere model, where the incident
particle interacts with a localized region of the surface with an effective mass, mefr, and this region may
increase its internal energy, Eint, during collisions. The dashed lines give predictions for the hard-sphere
model where internal excitation has been set to zero. The fitting results for Ne, CD4, and D20 with the
soft-sphere model are mefr= 61, 52, and 54 amu and Einc=2.1, 5.3, and 5.8 kJ mol ™!, respectively, whereas
the hard-sphere model predicts metr = 48, 34, and 35 amu, respectively.
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Table 2. Average Fractional Energy Loss in the IS Channel at Select Deflection Angles

Deflection Angle y (°) 90 60 45 30

Ne 0.46 0.32 0.25 0.15
“Ne 0.42 - - -
PNe 0.58 0.43 0.36 -
CDs4 0.61 0.46 0.35 0.27
“CHa 0.49 - - -
D20 0.64 0.47 0.36 0.27
D20 0.56 - - -

“Gas scattering from liquid squalane taken from ref.?
bGas scattering from liquid squalane taken from ref.’

With fractional energy loss plotted as a function of deflection angle, the functional form of the soft-
sphere kinematic model can be fitted to the experimental data. These fits are also shown in Fig. 10. The
parameters fitted are mefr and Eint, while we estimate the gas—surface interaction potential V' to be
equivalent to the well depths between the scatterers and dodecane. These values are taken to be V= 0.9,
1.9, and 3.6 kJ mol™! for Ne, CD4, and D0, respectively.’”* 78%! Note that if V is assumed to be zero, the
fitted parameters do not change substantially for any of the three scatterers.

Fitting the soft-sphere kinematic model to the fractional energy loss data results in 52 and 54 amu for
the effective surface mass and Ein values of 5.3 and 5.8 kJ mol™! for CD4 and D20, respectively. As in our
prior study, we found that Ne scattering from dodecane led to an effective surface mass of 61 amu with a
total internal excitation of 2.1 kJ mol~!. All three scatterers experience an effective surface mass less than
the dodecane molecular mass, demonstrating that only part of a dodecane molecule contributes to a
scattering event. In applying the soft-sphere kinematic model, it can also be seen that the energy loss in

the IS channel depends only on g, rather than independently on 6i and 6x.
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As concluded for Ne-dodecane scattering, energy transfer at the interface is reasonably well-described
by a soft-sphere kinematic model for both CD4 and D20 scattering, although the fits are slightly poorer
than for Ne. Assuming Eint to be zero in Eq. 3 as in the case for a “hard-sphere” kinematic model yields
much worse agreement with the fractional energy loss data for all three gas scattering partners. With
recovered Eint values for CD4 and D20 scattering being larger in magnitude compared to Ne scattering, it
is also observed that the hard-sphere model deviates from the soft-sphere model more strongly for these

species.

IV. DISCUSSION

Key results in this work include the fractional energy loss AE/Ei as a function of deflection angle y for
the three scatterers, the competition between the TD and IS channels, the angular distribution seen in IS,
and the extent of internal energy in the IS channel. We first consider the fractional energy loss seen in IS
from dodecane, as shown in Fig. 10 and Table 2. To facilitate comparison with previous experiments on
squalane, Table 2 includes AE/Ei at y = 90° from Nathanson’s work for the three scatterers at the collision
energies used here (interpolated from Fig. 4 in Ref. *?), and reported values by Nathanson and Minton for
Ne-squalane scattering at multiple deflection angles and a collision energy of 32 kJ mol .}

The key trends in Table 2 are that at y = 90°, the fractional energy loss in the IS channel from dodecane
is smallest for Ne and highest for D20, in agreement with the ordering seen by Nathanson.> We observe
that for all three scatterers, AE/Ei decreases at smaller values of y. At y =45 and 90°, Ne exhibits a
fractional energy loss of 0.25 and 0.46 in collisions with dodecane, while Nathanson and Minton found
analogous values of 0.36 and 0.58 on squalane.*® Since Ne loses less of its incident energy upon a collision
with dodecane, squalane appears to be a “softer” surface than dodecane.

We next consider Figs. 8 and 9, which explore complementary aspects of the angle-dependent TD
fractions. Fig. 8 shows that at 8r = 60°, the TD fractions at the three incident angles 6 = 45, 60, and 80°

exhibit the same ordering: slow Ne (Ei = 6.3 kJ mol™") > D20 = CD4 > Ne. In addition, the TD fraction for

all scatterers decreases with increasing 6i. Plots at scattering angles ¢ = 50 and 70° (not shown) exhibit
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the same scatterer ordering and a similar dependence of the TD fraction on #i. Hence, more grazing
collisions lead to less trapping/thermal desorption, as has also been observed in other gas—liquid scattering
experiments.>"> 337273 This result is in contrast to gas—solid scattering studies, in which the TD fraction
increases for larger angles of incidence.?*®° This difference has been attributed to the breakdown of normal
energy scaling arguments due to the increased roughness and corrugation present on liquid surfaces.”

Fig. 9, plotted for i = 60°, shows that for all three scatterers, the TD fraction drops monotonically with
decreasing y, except for a slight uptick for Ne at y = 30°. The same trend is seen for 6i = 45 and 80° (not
shown). This overall trend can be partially attributed to the cosfr dependence of TD, whereby at fixed
incident angle, the TD channel is augmented as y increases (and &r decreases). Since the cosine law applies
to all the scatterers present in this study, identical rates of change of the TD fractions with respect to y for
each solute would be expected; however, this is not the case as the TD fractions for Ne increase less
rapidly than those for CD4 and D20 as y increases. Further, all scatterers under study in this work exhibit
more rapid changes in TD fractions as a function of y when compared to slow Ne from our previous work.

The relative TD fractions for the three species are consistent with Nathanson’s results for squalane at
7 =90° and collision energies of about 30 kJ mol!,*? in which the TD fraction was notably higher for
CD4and D20 than for Ne. As was the case in squalane, the least soluble species (Ne) exhibits the lowest
TD fraction (see values of Kuin Table 1). However, while Ku for D20 in dodecane is a factor of 3.5 larger
than that of CDa, the TD fractions are very close for the two species; the largest difference is at y = 90°
where the TD fractions for D20 and CDs4 are 0.50 and 0.44, respectively. Nathanson pointed out that for
squalane, a stronger correlation exists between TD fractions and free energies of solvation AG_., =
—RT In Ky, and that appears to be the case for dodecane, too.*? For CD4 and D20, our TD fractions for
dodecane at y = 90° are about 10 % smaller than those for squalane, indicating again that collisions with
squalane are softer and thus the surface is more likely to trap the incoming scatterers.

Examining the IS channel for 6i = 60°, we see that non-specular scattering is observed for all three gas

scattering partners, in which the maximum of the IS angular distribution is shifted toward the liquid
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surface, i.e., super-specular behavior. This has been observed previously in the scattering of Oz from
W(110)"! and atomic beams from Ag(111)’° and attributed to anisotropic loss of momentum with
momentum transfer favored parallel to the surface normal. Assuming energy loss from momentum transfer
derived from the fitted Eint values occurs exclusively along the surface normal, it is expected that the IS
channel intensity should peak at ~65° for Ne and 70° for CD4 and D20, close to what we observe in our
angular distributions. It is more challenging to discern super-specular scattering at the other two incident
angles. At 0i = 80°, scattering measurements beyond 6r = 80° are contaminated by the incident molecular
beam. At 6i = 45°, the angular distributions for the IS channel are somewhat noisier, particularly for the
molecular scatterers.

Fitting the data to the soft-sphere model yields Eint values of 2.1, 5.3, and 5.8 kJ mol™! for Ne, CDs4, and
D20, respectively. This model does not distinguish between excitation of the dodecane molecules of the
liquid and internal excitation of the scatterer; the effective surface mass extracted from the soft-sphere
model parameterizes the loss of incident energy but not its partitioning.’® Given that the collision
kinematics of all three scatterers are very similar (i.e., identical masses and similar collision energies), it
is reasonable to assume that the larger internal excitation for CD4 and D20 scattering compared to Ne
scattering represents excitation of internal degrees of freedom in the molecular scatterers.

In principle, scattering can lead to excitation of vibrational or rotational degrees of freedom. However,
the lowest frequency vibrational modes for CD4 and D20 are the v4 (15.6 kJ mol ') and v3 (14.1 kJ mol ")
bending modes,*? respectively. Since our CD4 and D20 beam energies are ~30 kJ mol™' with maximum
fractional translational energy loss values of 60 and 65 %, respectively, there is not enough overall energy
available to populate these vibrational states to an appreciable degree even if one assumes no energy
transfer to the liquid. Hence, we assume that the internal energies for CD4 and D20 scattering over and
above the value obtained for Ne, 3.2 and 3.7 kJ mol™!, respectively, correspond to rotational energies of
the scattered molecules. Given that rotational modes are the primary cause for differences in recovered

Eintvalues between the three gases, scattered D20 molecules are somewhat more rotationally excited than
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scattered CD4 molecules. This is likely due to D20 experiencing more torque when encountering the
dodecane surface by virtue of its non-zero dipole moment. Rotational excitation is well known in solid-
surface scattering to be highly dependent on the anisotropic potential between the surface and scatterer.®®
87 Similar considerations presumably hold for liquid scattering as well, as can be explored with the aid of

classical trajectory calculations.®

V. CONCLUSIONS

In this work, we have demonstrated the first set of molecular scattering experiments from a volatile flat
liquid jet with the aim of determining how additional degrees of freedom in a scatterer affect scattering
and energy transfer at the gas—liquid interface. As such, we have reported results on the evaporation of
CDs4 and D20 from doped dodecane jets along with the scattering of Ne, CD4, and D20 from pure dodecane
jets. These results have provided a fundamental understanding of the gas—liquid interface from a
mechanistic standpoint, with the added benefit of recovering well-defined product angular distributions
due to the incorporation of a flat liquid jet.

The evaporation TOF profiles for CD4 and D20 were best described by an MB flux distribution at 7iiq
after background subtraction and exhibited cosfr angular distributions characteristic of evaporation from
a flat surface. Through the analysis of scattering TOF and angular distributions, it was found that the
scattering signal for all three scatterers could be fitted by a linear combination of a faster IS component
whose angular distribution peaks at or near the specular angle and a slower TD component that exhibits a
cosfr angular distribution. At select incident angles for all scatterers, non-specular scattering was
recovered in the IS channel and attributed to anisotropic momentum transfer at the gas—liquid interface.

It was found that Ne experienced the smallest fractional energy loss from dodecane while D20
experienced the largest fractional energy loss. This trend matched that from prior squalane scattering
experiments.>? Further, it was observed that the fractional energy loss from dodecane was smaller than

from squalane, demonstrating that squalane is a softer surface than dodecane.
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Sampling various incident angles, the TD fraction was largest for collision trajectories with a larger
deflection angle and smallest for grazing trajectories. CD4 and D20 scattering resulted in similar TD
fractions, contrasting with Ne scattering. The relative TD fractions correlated best with free energies of
solvation in dodecane, consistent with the prior literature. These findings showcase the importance of
collision geometry and scatterer identity toward the likelihood of being trapped at the interface. We then
applied a soft-sphere kinematic model to describe energy loss in the impulsive mechanistic channel. It
was shown that both CD4 and D20 exhibited larger values for internal excitation than Ne, attributed to
rotational excitation of the polyatomic scatterers.

We have demonstrated the feasibility of elucidating interfacial interactions by probing atomic and
molecular scattering dynamics at the gas—liquid interface using a flat liquid jet. This work will serve as a
useful benchmark for studying future, more volatile solvents such as water. We plan to investigate
nonreactive and reactive scattering from a water flat jet in the near future, specifically with regard to
concentrated saltwater solutions. These experiments are currently underway, supported by the framework

provided from this study.
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