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Abstract 
The recent combination of the flat-jet and molecular beam techniques by the Neumark group 

enabled accurate measurements of energy- and angle-resolved product distributions in gas-liquid 

scattering. Motivated by their experimental work, we present here an all-atom molecular dynamics 

study of Ne scattering from a dodecane liquid surface, with the objective of elucidating the 

fundamental aspects of gas-liquid dynamics. Using a fine-tuned general Amber force field, the 

scattering dynamics simulations were performed at experimental incidence energies and angles, 

which reproduced semi-quantitatively the measured energy and angular distributions. The branching 

ratio between the impulsive scattering (IS) and thermal desorption (TD) channels offers extensive 

dynamical insights. Specifically, the IS / TD branching ratio exhibits a clear correlation with the 

incidence energy and angle. Ne atoms with lower collision energy are more likely to be trapped by 

the liquid, yielding an increased number of TD trajectories. For a given collision energy, a large 

incidence angle led to a higher number of IS trajectories. The energy transfer between Ne atoms and 

liquid dodecane was found to be more sensitive to the deflection angle than to the incidence angle or 

the reflection angle. With the increase of deflection angle, the fractional energy loss increases, 

suggesting more kinetic energy is transferred to the liquid. 
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Gas-liquid interfaces are ubiquitous in many natural and man-made environments, including, but 

not limited to, industrial, atmospheric, biological, and physiological processes.1-4 These processes are 

drastically different from those in bulk phases, as the interaction and dynamics between gas-phase 

molecules and liquid surfaces plays a fundamental role. Hence, understanding these gas-liquid 

interfacial processes at the microscopic level is of great importance. Unlike the much-studied 

scattering dynamics in the gas phase or at gas-solid interfaces,5, 6 it is much more challenging to 

investigate reactive or nonreactive dynamics at gas-liquid interfaces.4, 7-9 This is partly due to the fact 

that a vacuum environment, which is needed to avoid interference of gas-phase collisions, and a clean 

and well-defined liquid surface are difficult to achieve experimentally. To overcome these hurdles, 

wetted wheels10 and micrometer-thin cylindrical jets11 have been developed to prepare various liquid 

surfaces. As a result, our understanding of gas-liquid interaction and dynamics has steadily improved, 

revealing many interesting features. In particular, two limiting cases were found to exist:8 the 

impulsive scattering (IS) mechanism for direct bounces of the projectile from the surface without 

equilibration, and the trapping-desorption (TD) mechanism for stepwise adsorption and thermal 

desorption mediated by energy dissipation. The two mechanisms possess different final state 

properties and are thus very useful in characterizing the gas-liquid scattering dynamics. 

Despite the ingenious designs, these experimental techniques have their own limitations.4 The 

wetted wheel setup is ill-suited for high vapor pressure liquids in a vacuum chamber because of the 

large surface area, so it is only applicable to liquids with low volatility. Although cylindrical micro-

jets are amenable to volatile liquids, they provide only a small scattering target, not ideal for accurate 

measurement of the scattering angle, one of the most important gas-liquid dynamic observables.12, 13 

Besides, many previous gas-liquid scattering experiments reported incomplete information on the 

scattering, due to instrumentation design.14-16 For example, Ne scattering from neat squalane and 

dodecane liquid surfaces has been investigated using a wetted wheel14 and/or cylindric microjet16 

with incidence energies (denoted as Ei) at 6 ~ 75 kJ/mol. However, due to instrumental limitations, 

both the initial (θi) and final (θf) angles were constrained at 45°, resulting the deflection angle (χ = 

180° − (θi + θf)) fixed at 90°.14-16 In the micro-jet experiment, the absence of a well-defined surface 

normal leads to large uncertainties in the measured scattering angle.4  

Very recently, the Neumark group developed a new experimental setup with a microfluidic chip 

for generating a stable flat liquid jet, and investigated scattering dynamics of Ne (and several small 

mizu-bai
Reviewer 2 commented that the uncertainties were caused by the absence of a well defined surface normal. 
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molecules) from a pure dodecane liquid surface.12, 13 This new instrument should be more suitable for 

volatile liquids than the wetted wheel approach10 and capable of providing a larger and more well-

defined scattering target for detecting the scattered atoms and molecules than cylindrical liquid jets.11 

The Neumark group utilized this advanced experimental technique to measure both angle- and 

energy-resolved dynamic properties for Ne evaporation and Ne scattering from a pure dodecane 

surface, with unprecedented detail.12, 13 In particular, “fast” and “slow” Ne with mean incidence 

energies of 23.7 and 6.3 kJ/mol were directed to the surface at incidence angle (θi), defined as the 

polar angle from the surface normal, of 45°, 60°, or 80°.12, 13 At the liquid jet temperature 269 K, the 

exit angle and kinetic energy of the scattered Ne atom were recorded, allowing a detailed analysis of 

the collision mechanisms and the energy transfer dynamics. In their experiments, the exit angle (θf) 

ranges from 90°−θi to 90°, which is much wider than previous experiments. The emergence of such 

rich dynamic information challenges theory to provide a microscopic characterization of the 

scattering. To this end, we in this Letter report the first theoretical investigation for Ne scattering from 

a pure liquid dodecane surface using an all-atom model. As shown below, our dynamic simulations 

reproduce the experimental measurements quite well, shedding lights on the atomistic details of the 

dynamics. 

Softer and microscopically rougher than solid surfaces, liquid interfaces are disordered, aperiodic, 

and dynamic with large and constant fluctuation. They possess countless collision sites with different 

characteristics. To interpret the experimental observations, computational studies are essential. Unlike 

the extensively investigated gas-phase and gas-solid collisions,17-19 however, theoretical studies of 

scattering at liquid surfaces are limited, although the few previous investigations based on classical 

trajectories have offered considerable insights into the interaction and dynamics.20-22 

Here, extensive classical molecular dynamics (MD) simulations were carried out to simulate the 

scattering dynamics. The dodecane surface is modeled as a slab with periodic boundary conditions 

(PBC), as illustrated in Figure 1. The size of the PBC box is 4.5 × 4.5 × 50.0 nm3, with the liquid 

slab of ~4.5 nm thickness located 2.0 nm away from the bottom. The upper surface is located near Z 

= 6.5 nm, but is quite rough. The vacuum space above the surface is thus ~43.5 nm, sufficient for the 

scattering simulation. The system was first equilibrated at the experimental temperature of 269 K (Tliq 

= 269 K), followed by a 50 ps NVT simulation, from which surface configurations were saved for 

later scattering simulations. Ne atoms with experimental translational energies of 6.3 (slow) and 23.7 
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(fast) kJ/mol were directed to the surface from 2.0 nm above the surface. The X and Y coordinates of 

Ne were uniformly randomized along the X- and Y-axis of the PBC box. The velocity components 

were set according to the initial kinetic energy and the incidence angle, with the incidence plane 

parallel to the XZ plane. The scattering dynamics was simulated within an NVE ensemble, with a 

time step of 1.0 fs. The system contains ~10,000 atoms, the scattering simulations were performed 

under 6 different initial conditions, for each condition 10,000 trajectories were run to pursue better 

results with lower statistical error. The trajectory was terminated when the Z coordinate of the Ne 

atom was higher than its initial value, suggesting the projectile has left the surface. Otherwise, the 

trajectory was terminated at 500 ps, for which the Ne was considered trapped. To compare with 

experimental data, we focus on in-plane scattering, which is defined with a range of scattered 

azimuthal angle of ±10°. According to Table S5~S11, the in-plane scattering contributes 7~16% of 

the entire hemisphere scattering for different initial conditions. Figure 1 shows the corresponding 

definition of the in-plane trajectory, and Figure S1 depicts the coordinates and angles for all 

trajectories scattered in the hemisphere. Additional details of the simulations can be found in 

Supporting Information (SI).  

Theoretically, the interaction potential must be adequate for describing dodecane both in bulk 

and at surface. In addition, the interaction between dodecane and Ne also plays a central role in 

scattering dynamics. In this work, we employ the GAFF (general AMBER force field) all-atom force 

field,23 but reoptimized the force-field parameters using first principles data. The form and parameters 

of the force field, as well as its validation, are given in SI. Note that for the current gas-liquid system, 

the calculation cost based on the classical force field is too huge to be done with only CPU. GPU was 

finally utilized to accelerate the dynamic simulation. GPU can yield ~1000 ns/day for liquid dodecane, 

~700 ns/day for slab, and ~100 ns/day for scattering. 

Figure 2 displays four exemplary trajectories observed in the simulations with fast Ne atoms (Ei 

= 23.7 kJ/mol) at θi = 45o. The same types of trajectories have been observed under other conditions. 

These trajectories are differentiated by the time evolution of the Z coordinate and kinetic energy of 

Ne. Figure 2(a) presents a typical IS trajectory, which undergoes a single collision near Z~6.5 nm 

with the Ne atom bouncing directly from the surface within 5 ps. The Ne kinetic energy has only 

minor changes during the collision process near the smallest Z values and remains slightly lower in 

the exit channel. The other extreme is depicted by a trapped trajectory in Figure 2(b), which illustrates 
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the impinging Ne atom diving in the liquid dodecane, evidenced by the Z coordinate below 6 nm. The 

Ne atom loses its kinetic energy almost completely and is unable to exit the liquid dodecane during 

the 500 ps simulation time. The fate of the trapped Ne is most likely to desorb with TD characteristics, 

but our finite simulation length prevented the explicit observation of the final departure. There are 

only less than 20 such cases in 10,000 trajectories in all simulations (< 0.2%), which represents a 

negligible minority. The other two panels, Figure 2(c) and 2(d), the scattering lasted about 30 ps, but 

they have quite different dynamics. As shown in Figure 2(c), the Ne atom penetrates the liquid surface, 

as evidenced by frequent changes of its kinetic energy and generally small Z values, and eventually 

exit after multiple collisions with dodecane molecules. Such a trajectory is characteristic of TD. 

Alternatively, as shown in Figure 2(d), the Ne atom may traverse the liquid surface near Z = 7 nm 

and experience multiple IS-like collisions. The duration of each collision is as brief as that of the IS 

channel, and the kinetic energy does not fluctuate significantly between two collisions after the initial 

drop. The Z coordinate of Ne atom during such a collision is higher than that shown in Figure 2 (c). 

Nevertheless, it was found that the contribution for such a long IS mechanism is also quite small 

(<5%). 

The energy transfer between Ne atoms and liquid dodecane is facilitated by the collisions 

between Ne and surface molecules. A good descriptor of a collision (or kick) is the sign change of the 

Ne velocity in any of the three components.22 Not unexpectedly, the number of kicks (Nkick) for each 

trajectory is correlated with the average kinetic energy of the scattered Ne atoms, as shown in Figure 

S6. Hence, we use Nkick to identify the IS and TD channels, following similar strategy by Peng et al.22 

As shown in Figure S6, for different initial conditions, Nkick was chosen so that after which, the Ne 

kinetic energy is below 2RTliq, namely, the average energy of the thermally equilibrated atoms 

effusing from the surface. As summarized in Table S5, on average, Nkick is 10, identical to the one 

estimated by Peng et al.22 Besides, one can see that Ne atoms with smaller incidence energy need 

fewer Nkick to be thermalized than those with larger incidence energy by the liquid under the same 

incidence angle.  

The TD fraction is defined as the number ratio of TD trajectories to the total non-trapped 

trajectories, namely, the sum of IS and TD trajectories. As displayed in Figure 3 (a), there is a 

significant portion of TD trajectories at both collision energies. The TD fraction decreases as the 

incidence angle θi increases for a given reflection angle θf = 60°. The theory-experiment agreement 
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is quantitative for 6.3 and 23.7 kJ/mol. The TD fraction as a function of the deflection angle χ was 

also available from experiment.13 Figure 3 (b) compares our simulated results to the experiment at 

the incidence angle θi = 60°. Clearly, as χ increases, the Ne atoms are scattered closer to the surface 

normal. The IS trajectories, which show a larger reflection angle θf than the incidence angle θi, 

contribute more in the small χ range. In contrast, the TD trajectories, behaving more like evaporation 

and following the cosθf angular distribution, contribute to the components in the large χ range. Overall, 

the different distributions of IS and TD trajectories result in an increase in the TD fraction as the 

deflection angle χ increases. 

Figure 4 (a), (b), and (c) compare the calculated and measured in-plane θf distributions of 

scattered Ne atoms at θi = 45°, 60°, and 80°, respectively, at Ei = 23.7 kJ/mol. Figure 4 (d), (e), and 

(f) display the same results but for Ei = 6.3 kJ/mol. One can see that experiment12, 13 and theory agree 

reasonably well, although quantitative differences do exist. Evidently, the angular distributions in the 

TD channel can be reasonably fitted by a cosine function, which suggests that Ne atoms lose memory 

of their initial states after extensive interaction with liquid dodecane, resembling the distribution of 

evaporation from the liquid. In contrast, the results for IS significantly differ from those in TD. Most 

IS trajectories are forward scattered and lie close to the specular angle. For Ei = 23.7 kJ/mol and θi = 

45°, the computed θf peak at 60° is in reasonably good agreement with the experimental peak at 50°. 

At θi = 60°, both experiment and theory distributions peak at 70°. For Ei = 6.3 kJ/mol, the calculated 

IS peaks are at θf = 50°, 70°, and 70°, respectively, for θi = 45°, 60°, and 80°. Namely, Ne in the IS 

channel tends to scatter nearly specularly, suggesting the approximate conservation the momentum 

along the surface plane. The corresponding hemispherical distributions with all trajectories 

considered are depicted in Figure S7 and S8, which show that the TD channel is largely isotropic in 

both the polar and azimuthal angles while the IS channel is dominated by forward near-specular 

scattering. Such more global distributions have not been reported by experiment. 

In Figure 5, velocity distributions of the in-plane scattered Ne are shown for both the IS and TD 

channels. Following previous work,12, 13 the TD distributions were fitted in the Maxwell–Boltzmann 

(MB) flux distribution form: 

𝑓𝑓MB(𝑣𝑣) ∝ 𝑣𝑣3 exp �−
𝑚𝑚𝑣𝑣2

2𝑅𝑅𝑇𝑇liq
� , (1) 

where v and m are the final velocity and atomic mass of the Ne atom, and R is the gas constant. The 
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flux distribution for a supersonic (SS) molecular beam was utilized in fitting the IS distributions: 

𝑓𝑓SS(𝑣𝑣) ∝ 𝑣𝑣3 exp �−
𝑚𝑚(𝑣𝑣 − 𝑣𝑣SS)2

2𝑅𝑅𝑇𝑇SS
� , (2) 

where vSS and TSS are the average flow velocity and temperature that need be fitted. The total 

distribution is the sum of the TD and IS components. Such functions have proven successful in fitting 

the experimental TOF results,12 which also validate the theoretical method proposed in this paper to 

distinguish the two different mechanisms through the number of kicks in the trajectories. The IS 

trajectories are primarily with high velocities, while the TD trajectories have lower velocities. The 

overall distribution of translational energy exhibits a single peak, consistent with the experimental 

TOF spectra.12, 13  

The fractional energy loss, defined as ΔE/Ei, where ΔE = Ei - ⟨EIS⟩, is commonly used to quantify 

the kinetic energy transferred from the impinging molecule to the liquid.7, 24 Here, ⟨EIS⟩ denotes the 

average final translational energy of scattered Ne atoms in the IS channel. Two limiting cases exist: 

a perfectly elastic collision, where no kinetic energy loss resulting in ΔE/Ei = 0, and a scenario where 

the Ne atom loses all its energy to the liquid, resulting in a fractional energy loss of 1. Figure 6 shows 

that the fractional energy loss depends more on the deflection angle χ than on the incidence angle θi 

or the reflection angle θf. At θi = 60°, for example, the experimental average fraction energy loss for 

χ = 90°, 60°, 45°, and 30° were 0.46, 0.32, 0.25, and 0.15. The simulation results are 0.55, 0.41, 0.37, 

and 0.29, respectively. As the deflection angle increases, the fractional energy loss also increases, 

indicating more translational energy is transferred to the liquid. This suggests that Ne atoms emitted 

closer to the liquid surface tend to lose less translational energy, leaning towards elastic collisions. 

Conversely, Ne atoms emitted in a direction closer to the surface normal tend to lose more 

translational energy, closer to inelastic collisions. Apparently, our computational results are slightly 

higher than its experimental counterparts, which show little dependence on θi.13  

As mentioned earlier, many uncertainties associated with previous gas-liquid scattering 

techniques have been lifted by the recent advent of the flat-jet approach, which enables detailed 

experiment-theory comparison. Our simulations of Ne scattering from a liquid dodecane surface have 

achieved semi-quantitative, and quantitative in some cases, reproduction of experimental 

observations. Such detailed comparisons are important to gain insight into the microscopic details of 

the scattering dynamics. An important observation in the recent experiments, supported by our 
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simulations, is the increase of TD fraction with decreasing incidence angle (θi),13 which is in contrast 

to scattering from a typical solid surface.25, 26 Similar observations have been made in previous studies, 

but with more noise.27-29 The large TD fraction along the surface normal can be largely attributed to 

more efficient energy loss to the liquid surface. Analysis of the trajectories revealed that Ne atoms 

with a smaller incidence angle θi, having a larger Z component in velocity, penetrate the liquid more 

easily, thereby increasing the chances for being trapped by the liquid. With decreasing θi, the 

trajectories generally switch from penetrating to grazing. There are of course kinematic factors, but 

the main differences of a liquid from solid surface are its softness, roughness, and porosity, which 

help to accommodate the impinging projectile. Although the agreement between experiment and 

theory is good, deviations do exist. Possible experimental uncertainties include the velocity spread of 

the incidence Ne beam and product detecting conditions.13 Theoretically, there might still be errors in 

the interaction potential between Ne and the dodecane, as discussed in SI. It is noted that the machine 

learning approach has been demonstrated to be very promising in representing the interaction 

potential of complex condensed phase systems, including the gas-solid interfaces. Similarly, but with 

more expensive calculation cost, the machine learning approach can be utilized for gas-liquid 

scattering. 

To conclude, our detailed simulations of gas-liquid collision dynamics not only validated the 

experimental observations, but also gained microscopic insights into atomistic mechanisms. These 

simulations are complementary to experiments and often necessary to understand the measured 

results. Furthermore, the advent of advanced hardware and software, especially the utilization of 

GPUs, has made it feasible to conduct extensive simulations of complex systems that were previously 

unattainable. Future investigations of molecular scattering from liquid surfaces, reactive or non-

reactive, are expected to reveal more detailed dynamics, shedding additional light on the complex 

interaction between various molecules and liquid surfaces. 

 

Supporting Information 

Additional results are given in the Supplementary Information, SI. 
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Figure 1. Slab model of the dodecane liquid surface and definitions of the coordinates and angles for 

in-plane scattering. 
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Figure 2. Exemplary trajectories. (a) is an IS trajectory, which encounters a single turning point (a 

kick) during the interaction with the surface. Trajectory (b) depicts a trapped Ne in the surface within 

the 500 ps simulation time. (c) is a typical TD trajectory, which experiences multiple turning points 

(kicks) and loses significant energy to the surface. In trajectory (d), the Ne travels across the surface 

like a skipping stone.  
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Figure 3. Calculated (MD) TD fractions at the reflection angle of θf = 60° as a function of incidence 

angle θi (a) and at an incidence angle θi = 60° as a function of the deflection angle χ (b) for fast (23.7 

kJ/mol) and slow (6.3 kJ/mol) Ne. The experimental results13 (Expt) are included for comparison. 
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Figure 4. Normalized angular distributions of in-plane scattered Ne for several incidence energies 

and angles. The solid lines are cosθf fits. The experimental distributions13 are included for comparison.  
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Figure 5. Calculated IS, TD, and total velocity distributions of the in-plane scattered Ne for several 

incidence energies and angles. The solid lines are fits according to Eqs. (1) and (2).  
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Figure 6. Calculated (MD) average fractional energy losses as a function of deflection angle χ for the 

IS channel of in-plane scattering of Ne at 23.7 kJ/mol. The experimental data13 (Expt) are included 

for comparison.  

 

 

 

 

 

 

 


