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To better understand the reactivity of gases with liquid surfaces, experimentalists have recently probed the
reactive scattering of atomic fluorine at the surface of liquid squalane (C30H62). In this paper we further this
research by simulating this scattering process at collision energies of 0.5 and 1.0 eV using a hybrid QM/MM
molecular dynamics scheme. To model the structure of the liquid surface, classical molecular dynamics
calculations were performed utilizing the OPLS-AA force field. During the F + squalane molecular dynamics
simulation, QM/MM calculations are performed at every trajectory step by combining the MSINDO
semiempirical Hamiltonian with OPLS-AA and using a dynamic partitioning of the atoms in the QM or MM
regions via a “seed atom” method. This computational model provides a type of “on-the-fly” direct dynamics
applicable to larger scale chemical processes that include the making/breaking of chemical bonds not available
in standard force field models. Our results show that H abstraction is the only reactive scattering pathway
and that most trajectories result in reactive scattering. Reaction statistics at the squalane surface are discussed,
including variation of the results with incident angle and collision energy, and the probability of reaction as
a function of carbon atom type, collision depth, and residence time. Product states, including angular
distributions and final translational and rovibrational energies, are also considered and found to be significantly
affected by the exothermic reaction energy for H abstraction. The vibrational distributions are in good agreement
with recent experiments, but the rotational distributions are dominated by a nonthermal component while the
experiments, which involve thermal incident energies, show comparable thermal and nonthermal contributions.
Results for O + squalane at 1.0 eV, which we also present, show analogous comparisons with experiment,
with OH vibrational distributions which are cold and match experiment, while the calculated rotational
distributions are dominated by nonthermal behavior.

I. Introduction

The dynamics of chemical reactions at gas/liquid interfaces
are becoming increasingly important in modern chemistry. These
reactions are found in biological systems (e.g., the transfer of
oxygen and uptake of pharmaceutical agents in blood) as well
as in many industrial settings such as the manufacturing of
surfactants and heterogeneous catalytic processes. Recently there
has also been interest in these reactions as models of the
behavior of polymers on the surface of spacecraft in low-Earth
orbit. However, despite the many practical applications of
interfacial chemistry, a predictive theory of chemical dynamics
at interfaces remains elusive. This is not for a lack of research;
indeed there is an extensive history of surface chemistry at
gas-solid and gas-liquid interfaces over the last few decades,
with significant successes in the former. Rather, gas/surface
reactions, particularly on liquids, present an entirely different
challenge than do bulk phase reactions. Experimentalists and
theorists continue to investigate the most simple of systems,
using components whose bulk properties are well-known and
are amenable to laboratory measurements.

The earliest reported experiments with liquid surfaces were
the molecular-beam scattering studies of Hurlbut and Beck.1

Since then, scattering experiments have remained the dominant

method for studying gas-liquid interfacial systems.2 The two
most notable analyses consist of molecular beam studies using
time-of-flight analysis and gas jet experiments using a laser to
probe the rovibronic states of the nascent products. Both Minton
et al.3 and McKendrick et al.4 have used these respective
techniques to extensively study oxygen collisions with squalane
(C30H62), a saturated liquid hydrocarbon. Because of its low
vapor pressure squalane is an ideal substrate for these experi-
ments. Molecular beam studies have also been conducted with
noble gases and squalane5 and chlorine and squalane.6

From these experiments, it has been established that two
distinct collision pathways exist and are characterized by the
residence time and extent of energy exchange at the liquid
surface. Gas molecules residing on the surface for long periods
of time undergo significant energy exchange with the surface
before scattering and are usually classified as the trapping
desorption (TD) component. Conversely, molecules that strike
and then quickly leave the surface largely unchanged are often
described as the impulsively scattered (IS) component. The latter
of these terms may introduce some ambiguity in the present
work as it was originally developed to describe entirely
nonreactive processes. As such, we will follow the updated
nomenclature of Nesbitt et al. and instead refer to this component
as the hyperthermal desorption/scattering (HDS) component. The
TD reaction channel may occur on a time scale long enough to
give rise to an equilibrium distribution of states in accordance
with the surface temperature. The shorter time scale of the HDS
component can, in turn, give rise to a nonequilibrium inversion
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of rovibronic states. The trajectory conditions (most notably the
translational energy, angle of incidence) can be adjusted to
influence the branching ratio between these two components.

Nesbitt and co-workers have previously studied the rovibronic
states of HF in gas phase experiments via both reactive scattering
of F from H2,7 methane,8 and ethane9 as well as inelastic
scattering of HF from various noble gases.10 Using high-
resolution infrared laser absorption methods they are able to
obtain quantum state-resolved rovibrational distributions of the
nascent HF products. These same techniques were recently
extended to reactive scattering of atomic fluorine from squalane
by using low incident collision energies (Einc ≈ 0.7 kcal/mol )
0.03 eV) to examine the effects of exothermic energy release
at the gas-liquid interface.11 In accordance with the TD and
HDS components, they observed a distinctly two-temperature
Boltzmann distribution of rotational states, corresponding to TD
(305 and 338 K) and HDS (2400 and 1600 K) dynamics for ν
) 1 and 2, respectively. In addition, they have calculated the
branching ratio (RTD ) fTD/(fTD + fIS)) between these components
to be 0.78 and 0.69 for ν ) 1 and 2.

Because of the extensive measurements on O + squalane,
there have been several attempts at performing molecular
dynamics studies of this system or the related O + alkane-thiol
self-assembled monolayer system.12a However, the only com-
plete study of O + squalane that included bond breaking was
recently performed by our group, using a more advanced QM/
MM dynamics method at hyperthermal (5.0 eV) energies.13 In
this paper we present a complementary study of the F(2P) +
squalane system, this time considering lower incident energy
(Einc ) 0.5 and 1.0 eV), with the goal of providing insight
concerning this chemically quite distinct system compared to
the previously studied O(3P) + squalane reaction. Detailed
comparisons with the Nesbitt experiments will be provided,
although we note that computational limitations do not allow
us to consider collision energies as low as in their measurements.
We also present new results for O + squalane at 1.0 eV for
comparisons with the F + squalane calculations, and with the
McKendrick experiments.

II. Computational Methods

A. Structure of Liquid Squalane. As outlined in a previous
work, properly determining the surface structure of liquid
squalane is a necessary step to simulating interfacial interac-
tions.13 Kim et al. have shown that the all-atom OPLS-AA14

force field more accurately reproduces the experimentally
observed bulk density of squalane than MM3. As a result, the
OPLS-AA model is used for all simulations. Previous theoretical
studies of the structure of liquid squalane, 4c,15 by contrast, used
united-atom empirical models.

By using the TINKER 4.1 software package16 with an
isobaric-isothermal (NPT) ensemble, a model liquid containing
48 squalane molecules was generated within a cell under
periodic boundary conditions (PBCs). An initial equilibration
of the bulk was run for 1.5 ns at 500 K followed by an additional
1.0 ns at 298 K. At this point, the bulk density for squalane
was within 2-3% of the experimental value (0.815 g/cm3). To
simulate a liquid slab, the box size (38.5 × 38.5 × 31.5 Å3) of
the last structure of this simulation was extended to add empty
space in both directions along the shorter axis (38.5 × 38.5 ×
94.5 Å3). This process, which effectively bypasses the PBCs
along the axis, is based upon the previous NVT calculations of
Kim et al.13 Additional canonical ensemble (NVT) simulations
were then run for 1.0 ns at 500 K and 1.0 ns at 400 K. Surface
structures were then generated by simulation for 2.0 ns at 298

K for final equilibration and data collection. It is this surface
that is then used in the F + squalane collision simulations.

B. Dynamics Calculations. Previously, our group has de-
veloped a simulation model that merges classical molecular
dynamics for the entire system with a quantum mechanical
treatment of the atoms in a reaction region(s) at each time step
for a type of hybrid QM/MM direct dynamics.13 This approach
combines the computational efficiency of classical molecular
mechanics potentials with the superior accuracy of quantum
mechanics, and unlike standard molecular mechanics imple-
mentations, quantum mechanics also allows for the possibility
of bond making/breaking events. The quantum mechanics
component is calculated by using the modified symmetrically
orthogonalized intermediate neglect of differential overlap
(MSINDO) semiempirical Hamiltonian17 and the molecular
mechanics component is implemented by using the OPLS-AA
force field as was used in the squalane structural calculations
mentioned previously.

A dynamic partitioning of the QM region is used based upon
a seed atom algorithm (briefly described here; a more in depth
description was published previously13). Each atom type is given
a characteristic QM radius and all atoms within the QM radius
of a seed atom (usually an open shell species) are included in
the quantum calculations. The QM radius is defined as the
distance between the seed atom and methane at which the force
drops below 1.0 × 10-7 hartree/bohr. Using this criterion we
find the QM radii to be 10.0, 12.0, and 12.5 bohr for F, H, and
C, respectively. Initially, the F atom is the only seed atom, which
is also the only open shell atom. As it approaches the surface
and additional atoms enter the QM region, bond breaking events
may occur. Any new open shell species formed (such as the
carbon of a methyl radical) also become a seed atom, and the
F atom remains a seed atom throughout the simulation, so that
HF is always computed with QM as it leaves the surface.
Throughout most of the simulation it is common to have
between 75 and 150 atoms being computed in the QM region
at each time step, which makes the efficiency of a semiempirical
QM method tractable.

In previous QM/MM simulations, the use of MSINDO was
justified by its success in describing gas phase reactions
involving oxygen and short chain hydrocarbons.18,19 In Table
1, we make a comparison of the reaction barriers and energies
computed with several standard semiempirical (AM1, PM3,
MSINDO) methods as well as an advanced ab initio (CCSD(T))
calculation for the F + methane and ethane reactions. These
reactions help establish the accuracy of the energetics computed
with standard semiempirical methods for hydrogen abstraction
from primary carbons. The table shows that overestimation of
the exothermic H abstraction reaction energy found with
MSINDO is much less than that with the other semiempirical
values, 0.142 eV for methane and 0.358 eV for ethane using
the ZPE corrected values. It should be noted that there is a
significant increase in the overestimation of the exothermicity
of the reaction when increasing hydrocarbon size from CH4 to
C2H6. However, when comparing the computed hydrogen
abstraction barrier heights to the experimental barriers, the
overestimation found with MSINDO is less than 0.1 eV for both
CH4 and C2H6. Furthermore for comparison, ab initio MP2
computations at the complete basis set limit for F + C2H6

reaction barriers were determined to be 0.013 eV by Roberto-
Neto and Machado,20 which is in accord with our MSINDO
barrier.

A more detailed analysis of the reaction barriers and enthalpy
of fluorine with small hydrocarbons, also including C3H8, and
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i-C4H10, have very recently been discussed by Layfield et al.21

In their study, it is shown that the accuracy of standard MSINDO
depreciates further for hydrogen abstraction at secondary and
tertiary carbon sites; therefore they developed a specific reaction
parameter reparametrization (SRP) of MSINDO from CCSD(T)
global potential energy surfaces. In the final part of their study,
Layfield and co-workers perform direct dynamics collision
studies of F + CH4 and C2H6 with their new SRP-MSINDO
and the standard MSINDO potentials. Upon hydrogen abstrac-
tion, the HF product vibrational distributions in comparison to
the experimental values for CH4 were improved by using SRP-
MSINDO; however, for C2H6 MSINDO more closely matched
the experimental data.

For the CH3F + H product in Table 1, which is thought to
be comparable to an H elimination reaction mechanism in
squalane, all of the reaction barriers computed are well above
1.0 eV; so even though the MSINDO barrier is too high, this
reaction is not expected to contribute significantly at the energies
of interest here. Therefore, we have chosen the use of MSINDO
for our F + squalane studies as this provides reasonable
energetics (in comparison to other standard semiempirical
methods) for the H abstraction mechanism while H elimination
should be unimportant at our collision energies.

We chose fluorine translational energies of 0.5 and 1.0 eV
in order to achieve low enough incident energy collisions to
avoid H elimination yet remain well above the H abstraction
barrier. These energies are low enough to enable some con-
nection with the Nesbitt experiments,11 but at the same time
they are high enough to make the time scale of the collisions
short enough so that a statistically meaningful number of
trajectories could be computed. However, as will be seen, the
higher incident energies compared to experiment are such that
trapping desorption is not expected to play as important a role.
Note that these energies are significantly lower than were
considered in the earlier O + squalane study,13 in which the
atomic oxygen had a 5.0 eV incident translational energy.

For each trajectory, the molecular dynamics is restricted to
considering a cylindrical “pillbox” (pictured in Figure 1) from
the original squalane slab structure. This system has a radius
of 20 Å and a depth of 20 Å with respect to the squalane surface
(see Results and Discussion). A second cylinder is then nested
within this, having a radius and depth of 15 Å. To prevent
collapse within the cell during simulation, thus altering the
surface density, all atoms in the outer region are given fixed
coordinates for the duration of the trajectory; the inner atoms
are allowed to move freely (Figure 1).

In the simulations, the incident fluorine atom is started at 15
bohr above the Gibbs surface (see Results and Discussion) with
an initial translational energy of 0.5 or 1.0 eV, any of four
azimuthal angles (� ) 0°, 90°, 180°, or 270°), and one of three

incident angles with respect to the surface normal (θi ) 30°,
45°, or 60°). These initial geometric configurations are the same
as were used for the previous O(3P) + squalane simulations
and thus are chosen to allow direct comparison. It must be noted
that the experimental setup that we compare to later has an F
atom source that is normal to the surface with only a very small
range of incident angles. At the start of our simulation, the
nearest squalane carbon is never closer than 5 bohr from fluorine
along the surface normal, and even this situation is highly
unlikely (see Results and Discussion). At both energies, all
combinations of these angles are run, and in addition, nine
different points on each squalane surface are targeted, which
results in 4 × 3 × 9 ) 108 different trajectories. This is repeated
by using 10 different snapshots from the liquid slab simulations
to form the initial structure for the surface scattering model.
Thus there are a total of 1080 trajectories for each incident
translational energy.

All trajectories are set for a total run time of 3.75 ps, unless
an atom (almost always a reaction product or inelastically
scattered fluorine) reaches 20 bohr above the surface (outside
the QM and van der Waals radii of any surface atoms) at which
point the simulation is automatically ended. Some unphysical
events occasionally occur, namely penetration of the complete
slab by fluorine or penetration of the wall between the fixed
and moveable regions. These happenings are unavoidable in
order to maintain a reasonable level of computational demand.
Fortunately this leads to less than 5% of the total trajectories
being discarded from the final analysis. Another issue is that
truncation of the trajectories at 3.75 ps leads to some HF’s
(fortunately a small fraction as we discuss later) which have

TABLE 1: Reaction Energies (∆E) and Barriers (∆Eq) in eV for H Abstraction and H Elimination of F + Methane and
Ethaneg

AM1 PM3 MSINDO CCSD(T)a exptl

CH4 + Ff CH3 + HF ∆E -2.304 (-2.406) -1.685 (-1.850) -1.418 (-1.584) -1.211 (-1.366) -1.442b

∆Eq 0.478 (0.167) 0.028 (-0.132) 0.167 (0.112) 0.030 (0.005) 0.019,c 0.035d

CH4 + Ff CH3F + H ∆E -0.825 (-0.966) -0.329 (-0.522) -0.015 (-0.189) -0.068 (-0.215) -0.222b

∆Eq 1.321 (1.270) 1.249 (1.165) 1.769 (1.660) 1.222 (1.086)

C2H6 + Ff C2H5 + HF ∆E -2.612 (-2.732) -2.119 (-2.272) -1.856 (-2.000) -1.438 (-1.594) -1.642,e -1.763f

∆Eq 0.287 (0.131) -0.184 (-0.353) 0.082 (0.033) 0.016,c 0.030d

a For reaction involving CH4, values correspond to CCSD(T)/aug-cc-pVTZ from our work and for C2H6 values correspond to CCSD(T)/
CBS(T-Q) from ref 20. b Reaction enthalpies at 0 K from ref 27. c Reaction barrier from ref 28. d Reaction barrier from ref 29. e Reaction
enthalpies at 0 K from ref 30. f Reaction enthalpies at 0 K from ref 31. g Values in parentheses include zero point energy.

Figure 1. Schematic picture of the simulation region. The outer region
is composed of fixed coordinate atoms while atoms in the inner region
are allowed to move freely. The trajectory of the incident fluorine atom
with an angle of incidence θi, is indicated by a single arrow.
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not escaped from the surface at the end of the collision, but
which could subsequently escape, and contribute to thermalized
products. These trajectories are included in our analysis, though
the data describing the final product state are excluded.

III. Results and Discussion

A. The Squalane Surface. The final NVT simulations at 298
K resulted in 200 squalane structures. The last 191 of these
were found to have fully relaxed to equilibrium based on an
analysis of the potential energy over time. Since each structure
consists of two interfacial regions (above and below), we were
able to calculate an average density profile from 382 squalane
surfaces as shown in Figure 2. The location of the gas-liquid
interface is then taken as the Gibbs dividing surface, that is,
the point along the z-axis where the density is half the bulk
density. By fitting the density profile to a Boltzmann curve

we can obtain the bulk density, Fbulk, and the position of the
Gibbs surface, zG. The parameter b can be thought of as a
nominal measure of the width of the interfacial region; this is
found to be ∼10 Å. The bulk density is found to be 0.798 g/cm3

(exptl 0.815 g/cm3) and all atomic coordinates are shifted such
that the Gibbs surface is at 0 Å with respect to the z-axis.

We also calculate the bead densities of primary, secondary,
and tertiary carbons, that is, the number density of carbon atoms
along the surface normal (Figure 2). In squalane the natural
carbon abundances of primary:secondary:tertiary are 8:16:6 and
this ratio is clearly reproduced in the bulk beneath the squalane
surface. However, above the interface there is an excess of
primary carbon density. As was observed in previous simulations
of squalane, the C-CH3 bonds of primary carbons are frequently
found to be oriented parallel to the surface normal.12,13 This is
again expected to play a significant role in the reaction statistics
when fluorine encounters the squalane surface.

B. Reaction Statistics at the Surface. We begin our analysis
by addressing the probability of the possible scattering pathways
as a function of the incident angle. Reactive scattering is found
to dominate at all incident angles and the reactive pathway is

limited entirely to H abstraction; H elimination, C-C bond
scission, etc. are not observed in any of our trajectories. As
explained in Section II, the reaction barrier for H elimination
is thought to be larger than 1.0 eV (as it is for methane) and
therefore a higher incident translational energy would be needed
to see this pathway. Although our trajectories are dominated
by H abstraction, there is also significant probability of inelastic
scattering (0.22 at 1.0 eV and 0.38 at 0.5 eV) of the F atom as
shown in Table 2. This nonreactive pathway becomes more
significant at lower energy (0.5 eV) and less direct incident
angles (60°) when hard collisions are not as likely to occur. H
abstraction occurs almost immediately whenever the fluorine
atom encounters hydrogen. Therefore, higher incident energy
and more direct angles of incidence lead to more direct collisions
and a much higher probability of reaction, rather than inelastic
scattering. This effect is most dramatically seen in the statistics
for trajectories at 60° incidence; here the decrease in incident
energy combined with the “soft landing” causes inelastic
scattering to become an equally dominant pathway. Lower
incident energies, although more in-line with the experimental
conditions, would likely cause the inelastic scattering channel
to dominate and thus make it more difficult to gather an adequate
number of reactive scattered products for a meaningful statistical
analysis. Finally, in general, we found a small fraction of F
atom and HF products being trapped after collision, which was
11% at 1.0 eV and 14% at 0.5 eV. One should again note the
imposed time limit of 3.75 ps on all trajectories. Even more
desorbing trajectories would undoubtedly occur were the
simulations continued beyond this point because all trapped
gaseous product would eventually desorb, since there is no
gaseous pressure above the squalane surface. Considering that
there is an increase in the trapped products when going to lower
incident energies, it is plausible that if our simulations were at
thermal starting energies (i.e., ∼0.05-0.03 eV) there would be
a sizable percentage of trapped products at 3.75 ps.

Figure 3 depicts the depth of penetration of the fluorine atom,
and as would be expected, higher incident energy and more
direct impact generally leads to a deeper penetration into the
squalane. For our purposes, a collision is defined either as the
first reactive event (i.e., the breaking of a bond) or else the first
trajectory minimum (i.e., repulsion strong enough to change the
F coordinate upward). Analyzing collisions by carbon type, as
shown by the bottom graph in Figure 3, offers few surprises if
the bead density profiles are taken into consideration; the surface
density of primary carbons exceeds that of secondary and tertiary
carbons giving rise to an overall more shallow depth of
penetration. The large error bars on tertiary carbon reactions,
as will be shown later, are due to the low frequency of tertiary
carbon collisions; drawing conclusions from these statistics is
thus somewhat unreliable.

Table 3 provides additional support for the observed trends
in surface penetration, in which we analyze the individual
collision probabilities by angle of incidence and carbon type.
The first observation to make is that none of the subtotals match

Figure 2. Density profile of the squalane surface (right axis).
Boltzmann fitting allows us to obtain the bulk density, position of the
Gibbs surface, and width of the interfacial region. Bead density profiles
(left axis) for primary, secondary, and tertiary carbons show that the
bulk statistics are reproduced except near the surface. Although squalane
has twice as many secondary as primary carbons per molecule, at the
surface primary carbons compose an excess density.

F(z) )
Fbulk

1 + e-(z-zG)/b
(1)

TABLE 2: Reactive Scattering Probability Statistics by
Pathway, Initial Fluorine Translational Energy, and Angle of
Incidencea

30° 45° 60° total

1.0 eV H abstraction 0.84 (0.90) 0.78 (0.95) 0.72 (0.94) 0.78 (0.92)
inelastic scattering 0.16 (0.91) 0.22 (0.90) 0.28 (0.93) 0.22 (0.86)

0.5 eV H abstraction 0.71 (0.92) 0.65 (0.86) 0.50 (0.95) 0.62 (0.91)
inelastic scattering 0.29 (0.94) 0.35 (0.87) 0.50 (0.92) 0.38 (0.83)

a Values in parentheses are the probability that the product
desorbs from the surface in under 3.75 ps.
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the squalane bulk ratio of carbon type, which is 0.27:0.53:0.20
for primary, secondary, and tertiary carbons, respectively.
However, the H abstraction totals are closer to the bulk ratio
(0.37:0.49:0.13 at 1.0 eV and 0.28:0.58:0.14 at 0.5 eV), but
with more preference for primary over tertiary carbons. It is
thought that the lower reaction barrier leads to a preferential

reaction with the first hydrogen that is encountered (i.e., a
primary carbon). The lack of tertiary carbon chemistry, which
is due to shielding, is not likely to change at lower incident
energy since adjacent primary carbons will always be present
to preferentially react. On the other hand, inelastic scattering
occurs most commonly at primary carbons. This also coincides
with the trend that less direct incidence angles give rise to more
inelastic scattering because a glancing surface collision is most
likely to occur near the surface where primary carbons are most
common. These trends all appear to hold regardless of the
incident energy.

Lastly, we examine the time scale of residence on the
squalane surface, a surface statistic that is inherently linked to
the product scattering states. Two variables are measured and
the results are listed in Table 4. These are (1) the residence
time, τres, defined as the time between crossings of the Gibbs
dividing surface on the incident and return portions of the
trajectories and (2) the probability P(τres)0) that the residence
time is equal to zero, that is, the incident fluorine does not pass
through the Gibbs surface. As expected from the mean depth
of collision data, deeper penetration from more direct incident
angles naturally leads to longer residence beneath the squalane
surface. At 0.5 eV, the penetration is more shallow and the
probability of desorption from the surface decreases; however,
there is no regular shift in the residence times. At 30° incidence,
inelastic scattering occurs much faster at 0.5 eV (675 fs) than
at 1.0 eV (872 fs); at 60° incidence the residence times are nearly
identical. The time scale of H abstraction is largely independent
of the incident energy (i.e., the energy released during the
reaction is the dominant force). Our findings are in contrast with
the much more dramatic trends observed in previous studies
involving oxygen at incident energies of 5.0 eV13 and 1.0 eV.22

In the studies with oxygen collisions, there is a sizable barrier
for H abstraction (∼0.5 eV for CH4)13 whereas with fluorine,
the H abstraction barrier is trivial, as shown in Table 1. In other
words, the fluorine has a higher affinity for hydrogen, possibly
causing longer residence times when interacting with the
squalane surface.

Residence times are perhaps most important because they
connect events at the squalane surface with the attributes of the
desorbed product via the two limiting cases of trapping-
desorption and hyperthermal desorption. It is in this context that
we shall proceed to discuss the geometry and energetics of
scattering products.

C. Scattering Product Statistics. The recently published
infrared studies of Nesbitt and co-workers provide definitive

Figure 3. Mean depths of fluorine penetration of the squalane surface
for initial translational energy of 1.0 and 0.5 eV versus angle of
incidence (top) and carbon type at which scattering/reaction occurred
(bottom).

TABLE 3: Reaction Statistics by Carbon Type on Squalane
(Primary, Secondary, Tertiary) at Each Incident Angle and
Translational Energy (ET) of Fluorine

ET 30° 45° 60° total

1.0 eV inelastic scattering
pri 0.52 0.60 0.57 0.57
sec 0.41 0.32 0.36 0.36
ter 0.07 0.08 0.06 0.07
total 0.24 0.33 0.42
H abstraction
pri 0.33 0.38 0.42 0.37
sec 0.51 0.53 0.43 0.49
ter 0.16 0.10 0.15 0.13
total 0.37 0.33 0.30

0.5 eV inelastic scattering
pri 0.57 0.52 0.62 0.58
sec 0.37 0.45 0.32 0.37
ter 0.06 0.03 0.06 0.05
total 0.26 0.31 0.43
H abstraction
pri 0.25 0.31 0.38 0.28
sec 0.63 0.57 0.52 0.58
ter 0.12 0.12 0.20 0.14
total 0.38 0.35 0.27

TABLE 4: Mean Residence Times (〈τres〉, in fs) from
Incident Fluorine Atom with Translational Energy (ET) of
1.0 and 0.5 eV and Incident Angle of 30°, 45°, and 60°a

ET 30° 45° 60°

1.0 eV inelastic scattering
〈τres〉/fs 872 ( 79 576 ( 59 535 ( 42
P(τres)0) 0.30 0.34 0.48

H abstraction
〈τres〉/fs 686 ( 36 633 ( 35 469 ( 26
P(τres)0) 0.31 0.32 0.35

0.5 eV inelastic scattering
〈τres〉/fs 675 ( 47 633 ( 39 536 ( 28
P(τres)0) 0.26 0.36 0.43

H abstraction
〈τres〉/fs 703 ( 38 647 ( 33 678 ( 36
P(τres)0) 0.19 0.37 0.35

a P(τres)0) represents the probability that the fluorine atom does
not cross the Gibbs dividing surface (x ) 0 in Figure 2).
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evidence of vibrationally excited HF products from a liquid
squalane surface,11 with significant population of ν ) 1 and 2,
which in contrast to HF from gas phase ethane studies is
vibrationally more relaxed.23 Furthermore, their study clearly
shows two-temperature Boltzmann behavior in the rotational
distributions, due to mechanisms that they refer to as trapping
desorption (TD) and hyperthermal desorption/scattering (HDS)
dynamics. The former accounts for products thermally accom-
modated with the surface (305 and 338 K for ν )1 and 2,
respectively) while the latter indicates a rotationally hot
component arising from direct scattering after H abstraction
(2400 and 1600 K).

In this study, we find the overall vibrational distribution of
HF to be distinctly hot. To quantify this, we compute the ratio
P(ν)2)/P(ν)1), as shown in Table 5. Previous experimental
and theoretical studies of O + squalane6a,13 have shown these
values to differ depending on the type of carbon from which H
abstraction occurs; they have suggested that primary carbons
lead to lower vibrational excitation while tertiary carbons lead
to higher vibrational excitation due to the difference in C-H
bond energy. We observe this similar behavior in our study, as
tertiary and, to some extent, secondary carbons lead to more
excitation, as much as several times the total average for primary
carbons. Qualitatively the vibrational distributions agree well
with experiment as depicted in Figure 4, with significant
population in ν ) 1 and 2. As the initial translational energy is
reduced from 1.0 to 0.5 eV, better agreement with experiment
is observed, in which the population of ν ) 2 dominates. The
lower population for ν ) 0 in the calculations compared to
experiment is the only inconsistent behavior predicted in our
model of vibrational distributions. This does not appear to be
an artifact of the high incident energies since vibrational
excitation only seems to increase in going from 1.0 to 0.5 eV.
However, a key issue, which we discuss later, is that the
experiments have a significant fraction of HF’s which have been
accommodated with the surface, while the calculations show
very little thermal HF. Due to the fact that the experimental
incident angle is mostly normal to the surface (θi ) 0), we
provide the uncombined incident angle vibrational data in Figure
S1 of the Supporting Information.24 We find that the trends in

vibrational population occur regardless of the incident angle,
implying that they can be attributed almost entirely to the energy
of the H abstraction reaction and not the energy or geometry of
the collision.

Figure 5 presents rotational distributions for the product HF.
Nearly all of these distributions are decidedly nonthermal in
shape, which is in contrast to what is found in the experiments
of Nesbitt and co-workers11 where both thermal and nonthermal
components are found. As stated above, our calculated rotational
distributions are expected to be hot compared with experiment
because our incident energy is significantly higher, the trajec-
tories are truncated at 3.75 ps, and MSINDO slightly overes-
timates the reaction energy. In a gas phase scattering study
Espinosa-Garcia et al.25 have also noted that the topology of
the potential energy surface along the reaction coordinate can
have a profound effect on the rotational distribution of HF. In
addition, bimodal distribution in the rotational states of HF from
gas phase collision studies has been seen within ab initio
dynamics studies by Castillo et al.26 For the F + squalane
reaction, the published spectrum for ν ) 1 and 2 shows a
thermal component that is clearly missing in our results, and
the nonthermal component of the experimental distribution has
a colder maximum by ∼4 J-states, both of which are consistent
with our expectations. Our results also show that lower
vibrational states are accompanied by increased rotational
excitation, which is a typical result for gas phase chemistry that
is also seen in the experiments. However, the shapes of the ν
) 0, 1 distributions are in general quite similar, as are the ν )
2, 3 distributions (see Figure S2 in the Supporting Informa-
tion).24

Past experimental data3,11 have already suggested that some
rotational relaxation of the nascent product occurs before
desorption and detection, whereas vibrational relaxation occurs
on a longer time scale. To study this, we have analyzed the
trajectories according to residence times, as is shown in Figure
6, in order to understand the mechanisms by which HF become
thermally equilibrated with the surface. In Figure 6, the
rotational distributions are split into three groups of residence

TABLE 5: HF Vibrational Distribution Ratios P(ν)2)/P(ν)1) by Carbon Type

ET pri sec ter total

1.0 eV P(ν)2)/P(ν)1) 0.24 ( 0.058 1.21 ( 0.20 2.94 ( 1.10 0.81 ( 0.098
0.5 eV P(ν)2)/P(ν)1) 0.50 ( 0.12 1.47 ( 0.24 13.67 ( 10.02 1.20 ( 0.14

Figure 4. Distribution of vibrational states of HF leaving the squalane
surface including 1.0 and 0.5 eV input translational energy.

Figure 5. Distribution of rotational states in ν ) 1 (red) and ν ) 2
(blue) vibrational states of HF leaving the squalane surface. Solid lines
are from 1.0 eV and dashed lines are from 0.5 eV input translational
energy.
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times (0-250, 250-500, 500+ fs), which were chosen based
on groupings found in scatter plots of residence times and
rotational states (see Figure S3 in the Supporting Information).24

Interestingly, the trajectories with residence times greater than
500 fs are clearly more rotationally relaxed and more Boltz-
mann-like than those reactions that occur much faster. The
“middle” component shares characteristics of both. Knowing
that at lower incident energies more products would be trapped
after 3.75 ps and that longer residence times lead to rotational
relaxation, it is plausible that these trapped products would
contribute significantly to a thermal component in the rotational
distribution. This distinction matches the conclusions of Nesbitt
and co-workers, and helps to shed light on what length of
resident times are needed for complete thermal equilibration
with the surface.

To provide further insight into the rotational and vibrational
distributions, we have calculated O + squalane trajectories at
1.0 eV that are comparable to those of our earlier study at 5.0
eV.13 As expected, we find that the OH vibrational distribution
is dominated by ν ) 0, with the ratio of ν ) 1/ν ) 0 populations
being 0.05 ( 0.02 in these calculations. This ratio is only slightly
below our earlier 5.0 eV result of 0.13, and it compares well
with the McKendrick measurements4b of 0.07 ( 0.02 for
incident energies of 0.16 eV. This suggests that vibrational
excitation is largely determined by energy release during the
reaction (meaning that reagent translational energy does not play
a major role), and that vibrational relaxation as the OH exits
from the squalane is small. Both conclusions are analogous to
what we find for F + squalane.

The OH rotational distribution for 1.0 eV collision energy is
plotted in Figure 7. Only the sum over vibrational states is
plotted, as there are too few trajectories for ν ) 1 to generate
a statistically significant result. We see that this distribution,
which is dominated by OH(ν)0), is actually somewhat com-
parable to the ν ) 1 distribution for HF at 1.0 eV in Figure 5,
with a substantial nonthermal component. This comparison is
only of qualitative significance as the energy release and
rotational dynamics of these two reactions are only roughly
similar; however, what it does show is that the dynamics in
both cases is dominated by nonthermal behavior. Of more direct
relevance is the comparison of the OH(ν)0) rotational distribu-
tion from the McKendrick experiments,4b where the thermal
component of the distribution was dominant. This indicates a

somewhat comparable situation to what we have found for F
+ squalane, where the experiment shows a much more
significant thermal component than we have calculated. It is
also noteworthy that the rotational distribution calculated earlier
for O + squalane at 5.0 eV shows a maximum at JOH ≈ 5,
which is lower than the JOH ≈ 12 maximum at 1.0 eV. The low
rotational excitation component at higher energies was previ-
ously attributed to an important trapping/desorption component.
At 1.0 eV there is less penetration into the squalane, and
therefore less trapping, so the rotational distribution has a less
significant low JOH peak. Somewhat comparable behavior is
apparent for F + squalane (Figure 5) in the comparison of 0.5
and 1.0 eV results.

The final scattering angle and translational energy of the
products for F + squalane are also of particular interest to the
scattering processes. However, to our knowledge the relevant
molecular beam studies for the F + squalane system have not
been conducted. Figures 8 and 9 present the results, and we
see that both distributions vary significantly between inelastic
and reactive scattering products. In particular the H abstraction
products nearly always scatter closer to the surface normal
(Figure 8, bottom) than the inelastically scattered fluorine
(Figure 8, top). This is especially the case at 0.5 eV (Figure 8,

Figure 6. Rotational states from ν ) 2 of desorbed HF grouped by
resident time for both 0.5 (top) and 1.0 eV (bottom) incident
translational energies.

Figure 7. Total distribution of rotational states of OH leaving the
squalane surface including all vibrational states (nearly all vibrational
states are from ν ) 0, P(νOH) ) 0.95).

Figure 8. Distribution of the product scattering angle with respect to
the surface normal (θf) of the scatter F (top) and HF (bottom). Vertical
lines represent the purely specular scattering.
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bottom dashed lines), where almost half of the trajectories scatter
with θf < 30 °. Inelastic scattering (Figure 8, top) gives rise to
much broader distributions, which seem to reflect the effects
of surface roughness. The “harder” impacts at 1.0 eV (Figure
8, right solid lines) increase the effects of surface roughness,
giving rise to the broadest distributions. The closest behavior
to specular scattering comes from the inelastic scattering of
fluorine atoms at 30° incident angle and 0.5 eV incident energy.

As shown in Figure 9, HF also gains significant translational
energy after reaction, frequently leaving with more than the
incident energy. This is most dramatic at 0.5 eV where the HF
products have anywhere from 1.5 to 2.0 times as much
translational energy as they started with (Figure 9, bottom left).
For both reactive and nonreactive processes, the less direct
angles of incidence lead to higher product translational energies.
However, the effect is visibly diminished at 0.5 eV when there
is clearly less energy transfer at the surface. This decrease in
energy transfer is most pronounced for inelastic scattering where
there is no energy release from reaction.

IV. Conclusion

Here we have presented a study of gas-liquid interface
dynamics using hybrid QM/MM dynamics. The squalane liquid
used is common to many experiments as well as in a previous
theoretical study within our group of O + squalane. However,
the use of fluorine as the impinging gas greatly changes the
energetics of reaction compared to oxygen because the H
abstraction reaction has a low barrier and is highly exothermic.
The energy release following reaction causes significantly
different dynamics between the inelastic and reactive scattering
pathways. Even though we use incident energies significantly
higher than in the experiment by Nesbitt et al., the possibility
of other reactive pathways such as H elimination and C-C bond
scission is still negligible, as these reactions have much larger
barriers. We have shown that our computed vibrational distribu-

tions agree well with experimentally determined values and that
the observed rotational distributions agree qualitatively with the
nonthermal component of the measured distribution. We at-
tribute the absence of a thermal component as well as other
errors to our increased incident energy, the truncated trajectory
integration time, as well as a slight overestimation of reaction
enthalpies by the MSINDO Hamiltonian that was used. We also
provide insight to the cooling of rotational excitations of
products that are seen in the trapping desorption and hyper-
thermal desorption components by segregating trajectories on
the basis of residence time and depth of reaction. Vibration/
rotation distributions for O + squalane at 1.0 eV have also been
presented, and we find that although the fluorine and oxygen
atom reactions have significant differences due to the much
larger energy release to the HF product compared to OH, the
dynamical processes that arise from the presence of the squalane
surface are comparable. We have also presented scattering angle
and translational energy distributions as might be obtained from
a molecular beam study. Our results show a broad distribution
of scattering angle for the inelastic processes, but for the reactive
scattering process, the product angular distribution favors the
surface normal. Translational energy distributions show that for
inelastic scattering the final translational energy is strongly
dependent on the incident angle, with more energy being
transferred to the liquid via collisions at more direct incident
angles and higher incident energy. This trend, however, is not
observed for H abstraction where the exothermic energy of
reaction overshadows the initial translational energy causing
noticeably more energetic scattering products.
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Figure 9. Distribution of product translational energies (in eV) of HF (left) and scattered F (right) from both incident translational energies 1.0
(top) and 0.5 eV (bottom) and for each incident angle 30°, 45°, and 60°.
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Supporting Information Available: Plots of the distribution
of vibraional states, the rotational distributions, and rotational
states versus residence time of each HF leaving the squalane
surface. This material is available free of charge via the Internet
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