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Dynamic QM/MM: A Hybrid Approach

to Simulating Gas–Liquid Interactions

Scott Yockel and George C. Schatz

Abstract In this chapter we describe molecular dynamics simulation methods in

which the system being studied is divided into a region where quantum mechanics

(QM) is used to determine forces for doing Born-Oppenheimer direct dynamics

calculations (i.e., doing electronic structure calculations on the fly to determine

energies and forces) and another region where empirical potentials that are com-

monly used in molecular mechanics (MM) calculations are used to determine

forces. The two regions are linked through an embedding process that may or

may not involve the possibility that atoms can be passed back and forth between

regions at each time step. The idea with this dynamic QM/MM methodology is that

one uses QM calculations to define the potential surface in portions of the system

where reaction occurs, and MM to determine forces in what is typically a much

larger region where no reaction occurs. This approach thereby enables the descrip-

tion of chemical reactions in the QM region, which is a technology that can be used

in many different applications. We illustrate its use by describing work that we have

done with gas–liquid reactions in which a reactive atom (such as an oxygen or

fluorine atom) reacts with the surface of a liquid and the products can either remain

in the liquid or emerge into the gas phase. Applications to hydrocarbon and ionic

liquids are described, including the characterization of reaction mechanisms at

hyperthermal energies, and the determination of product branching and product

energy distributions.
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1 Introduction

There are many cases in simulating chemical processes in which the necessary

system size to provide a realistic model is quite large (e.g., enzyme reactions,

surface phenomena, condensed phase, . . .). While the structure and electrostatic

interactions in these systems can be well studied with typical molecular mechanics

(MM) force fields using molecular dynamics (MD), no chemical reactions (bond

making/breaking events) are allowed to take place. On the other hand, it is well

established that standard quantum mechanical (QM) methods can compute bond

making/breaking with great accuracy; however, the efficiency of these codes limits

their practical use to only ~100 atoms on typical computational resources. Even if

the computing power was available to handle a larger (~1,000 atoms) QM compu-

tation, then it is unlikely that a simulation could be performed for long enough

(~10–100 ps) to represent appreciable chemical change in the molecular system.

Therefore, dividing up a large-scale system into reactive (bond making/breaking)

and nonreactive (electrostatic, steric, interacting vdW, . . .) regions is essential.
Research combining QM and MM has an extensive history going back to the

early 1970s, and there are numerous review articles [1–12], mostly concerned with

enzymatic reactions. A key component of many of these studies concerns the

technique used to describe covalent bonds that cross between the QM and MM

regions. A common procedure is to add an atom in the QM region where the

covalent bond is cut so as to avoid the creation of dangling bonds. This link-atom

approach [13] is relatively easy to implement, but there are many variations on what

the properties of the link-atom should be [14]. Typically it is taken to be a hydrogen

atom, which means that standard electronic structure packages can be used without

modification; however in some cases this is not appropriate, or modified hydrogen

atom properties should be used. There are also questions about how the QM

calculations should be embedded into the overall system. Popular schemes are

based on the Morokuma ONIOM scheme or related schemes [15–17], but there
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are issues concerning the partitioning of charges between QM or MM regions that

keep being refined.

One major difference in the charges in the QM and MM regions is that the MM

charges typically do not change during the simulation as they are predefined in the

potential force field. The development of QM/MM methods in which the charges

from one region dynamically affect those in the other, as would be the case in a true

system, is an active aspect of research [18–20]. This approach is referred to as

electrical embedding, as opposed to the simple mechanical embedding where the

charges are fixed. Evidently, mechanical embedding should be used when charge

transfer or long range polarization effects are minimal for the chemical system

being studied.

Only a small fraction of the QM/MM studies have explicitly considered molecular

dynamics calculations involving both QM and MM regions, as the computational

time associated with a QMmolecular dynamics calculation is quite demanding. Some

examples where this has been done are covered in [21–26]. Recently, our group has

developed a simulation model to specifically study reactions at the gas–liquid

interface that merges classical MM for the entire system with a QM treatment of

the atoms in the reaction region(s) at each time step to form a hybrid QM/MM–MD

approach. This new computational approach extends the direct dynamics models our

group has used to study gas phase collision chemistry previously [27], and now

includes MM calculations for the liquid that is not involved in reactive events. Our

primary target liquids have been squalane (for which there are many experiments)

and ionic liquids (an unconventional fuel of current interest), and in most cases we

have been interested in studying the collision of reactive atoms such as atomic

oxygen (O) and fluorine (F) with the liquid surfaces in order to simulate gas–surface

molecular beam experiments. In addition, since most of these experiments refer to

reactive atoms that have several eV of energy (hyperthermal energies), our appli-

cations have been concerned with highly nonthermal processes in which reaction

mechanisms that do not normally contribute to thermal kinetics are described.

Projects concerning the O + squalane [28] and F þ squalane [29] reaction

dynamics have been completed, and they provide detailed information about the

spatial distribution of reactive sites and the correlation of the reaction mechanism

with the angular and translational distribution of the scattered products. These

results have been used to give a detailed mechanistic understanding of beam–liquid

surface experiments in the Minton lab [30, 31]. In some cases we were able to

identify products not initially considered in the experimental studies, providing

stimulus for subsequent molecular beam measurements where they were seen [32].

Our F þ squalane studies [29] have been used to interpret experiments done by

Nesbitt and coworkers at thermal collision energies [33–35], showing that there is a

component of the HF product vibrational and rotational distributions which

involves escape of HF from the surface with little relaxation. In more recent work

we have considered the collisions of atomic oxygen (and also hyperthermal argon)

with the surfaces of ionic liquids [36, 37], providing detailed information about

a class of chemical reactions that has not been considered previously, and enabling

the interpretation of experiments by Minton, McKendrick, and collaborators.
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Our motivation for doing these studies is that the structure and dynamics of

chemical interfaces at phase boundaries (e.g., gas–liquid interface) is of significant

importance to chemistry and only recently has the capability been established to

describe these processes (both with modeling and with experiments) at an atomistic

level. Newly developed experimental methods provide the capability to study the

reactivity of a liquid surface with beam–surface scattering, which provides detailed

mechanistic information, but it is often difficult to interpret these experiments

without theoretical modeling. Among the experiments being developed is work

by Nesbitt et al. [33–35] who have resolved quantum-state reaction dynamics via

direct absorption detection of the rovibrational states of the nascent gaseous

products coming from the surface using high resolution infrared spectroscopy.

Related technology has been developed by Nathanson [38, 39] and McKendrick

[40, 41], who have used laser-induced fluorescence methods to detect the

nascent products in gas–liquid surface reaction dynamics studies. In addition,

Minton and coworkers [31, 32] have performed molecular beam experiments

involving hyperthermal oxygen scattering from liquid surfaces, in which a mass

spectrometer is used to determine the angular and translational energy distributions

of the nascent gaseous products. These experiments, as well as others, require

theoretical modeling that includes the flexibility to compute the dynamics of the

reactive events (and sometimes several sequential reactive events), while at the

same time the simulation needs to include a considerable portion of the liquid

(thousands of atoms) so that energy transfer, diffusion, and electrostatic interactions

can be described. Also, the hydrocarbon and ionic liquids are often nanostructured,

which means that a simulation region of sufficient size is needed in order to capture

all of the dynamical complexity that can occur.

2 Description of the Method

2.1 Basic QM/MM

Since most large-scale chemical processes can generally be partitioned into reactive

and nonreactive regions, dividing up the system to be treated with different levels of

sophistication in the theoretical model is logical. As stated above, the atoms in the

reactive parts of the model are treated by direct dynamics QM (electronic structure)

computations, while the remaining nonreactive part is treated with an empirical

MM potential. Our dynamic QM/MM code utilizes various subroutines from

TINKER 4.2 [42] to compute the MM part of the simulation (forces and potential

of the MM atoms). For the QM part of the code, subroutines from the MSINDO 2.1

electronic structure code were used [43], which includes the MSINDO (modified

symmetrically orthogonalized intermediate neglect of differential overlap) semi-

empirical Hamiltonian to compute the energy [44, 45]. In general, semiempirical

methods are a middle ground between a fully ab initio QM calculation and fully
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empirical MM potentials and are suitable for efficiently computing the electronic

structures of hundreds of atoms in a reasonable time (seconds) to be used in

dynamics. In comparison to other standard semiempirical methods, MSINDO

provides reaction energies and barriers for gas-phase reactions of atoms with

small hydrocarbons that are nearer to experimental values than AM1 and PM3

[27]. Therefore, it has been the QM method of choice for our studies on O(3P)

and F(2P) with squalane. Additionally, we have used MSINDO when studying

O(3P) þ [emim][NO3], a room temperature ionic liquid.

Many of the features of the nondynamic QM/MMmodel, which has been widely

used as a multilevel computation, exist in our dynamic QM/MM algorithm. When

bonds straddle the QM/MM boundary, the link atom method is employed to

truncate the QM region without leaving dangling bonds. For example, if a C–C

bond spans this boundary, then the C(MM) atom is replaced with an H(QM) atom at

0.9 Å (the equilibrium C–H bond length) from the C(QM) during the QM part of

the computation. During a full QM/MM computation, three separate calculations

are performed, as prescribed by the ONIOM mechanical embedding approach. In

the following notation, the atomic system is denoted in parenthesis. First the full

atomic system is computed with MM, [EMM(QM þ MM)]. Then the QM atomic

system is computed with MM [EMM(QM)], and the QM system with QM

[EQM(QM)]. Therefore, the energies, potentials, forces and other properties are

computed as follows: EQM=MM ¼ EMM QMþMMð Þ � EMM QMð Þ þ EQM QMð Þ.
Subtracting EMM(QM) from EMM(QM þ MM) is an approximation that describes

electrostatic interactions between charges in the QM and MM regions at the MM

level. The importance of this depends on the system being studied and the choice of

partitioning at the QM/MM boundary, but it is consistent with the assumptions in the

mechanical embedding model. In the case of our studies with squalane, the system is

a neutral nonpolar liquid and charge transfer between interacting atoms from inside to

outside the reactive region is thought to be negligible; therefore a simple mechanical

embedding approach was chosen. Additionally, we rely on this assumption, as

discussed later, when we allow the QM region to change over time.

One of the most common numerical methods used in molecular dynamics to solve

Newton’s equations of motions is the Velocity Verlet integrator. This is typically

implemented as a second order method, and we find that it can become numerically

unstable during the course of hyperthermal collision events, where the atom velo-

cities are often far from equilibrium. As an alternative, we have implemented a fifth/

sixth order predictor–corrector scheme for our calculations. Specifically, the driver

we chose utilizes the Adams–Bashforth predictor method together with the Adams–

Moulton corrector method for approximating the solution to the equations of motion.

2.2 Dynamic Partitioning via the “Seed Atom” Method

In some simulations, like that of large biological systems that involve reactive sites

and proton transfer, the choice of a reactive region does not change while the
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reaction occurs and the QM/MM scheme is easily implemented. However, there are

many chemical systems in which a priori knowledge about where the reactive

region will be during the course of the simulation is not predictable by chemical

intuition. Within our group we have had success employing a simplistic approach to

a QM/MM–MD algorithm that is applicable to chemical systems where a priori

knowledge is largely unavailable as to which atoms should be considered as part of

the reactive region [28, 29]. This is specifically the case when gaseous atoms collide

with an amorphous surface that can readily diffuse over time. For example, in our

studies with squalane we even found that the incident atom was not always confined

within a ~20 Å (radius) � 20 Å (height) cylindrical box that contains over 2,000

atoms comprising the liquid. This is not the situation that is observed with crystal-

line solids or self-assembled monolayers. When modeling those surfaces, one can

predefine atoms into a QM region because the incident atoms would rarely interact

with more than the first or second monolayer.

In order to circumvent the limitation of predefining which atoms are to be

treated with QM, we allow atoms to be redefined dynamically as “in” or “out” of

the reactive region depending on their location relative to radical species that are

capable of undergoing a reaction. Specifically, the reactive regions are centered

around “seed atoms”, which are defined as all of the open-shell/radical atoms. In

the case of our studies involving atomic radicals reacting with squalane, the seed

atoms were defined as the initial gaseous incident atom plus, over the course of the

simulation, any atom that loses one of its originally bonded atoms. For example

(see Fig. 1), if the F(2P) atom abstracts a H from squalane, then the carbon radical

Fig. 1 Pictorial representation of the dynamic partitioning using the “seed atom” method for the

F(2P) þ squalane reaction
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site also becomes a seed atom, since this radical site is considered to be a reactive

atom. The radius of the QM region around a seed atom (or the distance from the

seed atom to atoms treated as MM) was defined as the distance where the forces

between the atoms are less than 1 � 10�7 hartree/bohr, at which point the

differences between MM and QM forces are thought to be negligible. This was

empirically determined to be 10.0, 10.0, 12.0, 12.5 bohr for F, O, H, and C,

respectively, when interacting with methane. We also found it convenient to do an

assessment on which atoms should or should not be in the reactive region only

every ten time steps, since this involves a distance search and, for 10-a.u. time

steps, the atoms have not moved very far. Throughout much of the simulation it is

common to have between 75 and 150 atoms within the reactive region(s). Given

the effort associated with QM calculations at each time step, the use of a

computationally efficient semiempirical QM method such as MSINDO is clearly

desirable.

2.3 Issues with Dynamic Partitioning

It must be noted that the instantaneous switching of an atom in and out of the

reactive region has raised concern in the past [21]. This is because from one time

step to the next there will inevitably be an abrupt change in the forces on that

atom. In dynamics studies this discontinuity can influence the integration with

respect to time and conceivably lead to nonphysical behavior. To circumvent

this we use a more robust integration method (a sixth order predictor–corrector

algorithm) that is not available in TINKER. This integration technique should

help dampen out any fluctuations in the force/position changes that would lead

to discontinuities when atoms are switched back and forth between the MM and

QM regions.

Recently other groups have designed algorithms that include dynamically

moving QM regions to model explicit solvent interactions. Morokuma et al. have

extended their multilevel ONIOM technique to include the exchange of solvent

(ONION-XS) molecules dynamically throughout the simulation [23]. They imple-

mented a fifth order polynomial switching function to accommodate the instanta-

neous change in forces and potentials on atoms changing from one level to the next

in the ONIOM regime. This technique extends the “Hot Spot” method that Rode

et al. originally used [46] by not only smoothing out the differences in forces of

atoms that are in a defined “buffer” region between the various levels, but also

smoothing out the forces for all atoms in the QM region when any atom crosses in

or out of the buffer region. In addition, the ONIOM-XS method uses the same

switching function algorithm to smooth the potential energy for the atoms in the

QM and buffer regions. However, knowing how large the buffer region needs to be

for each chemical system is uncertain. Furthermore, it has been demonstrated that

when multiple molecular groups are in the buffer region the ONIOM-XS method is

no longer able to remove all discontinuities in the potential [23].

Dynamic QM/MM: A Hybrid Approach to Simulating Gas–Liquid Interactions 49



Truhlar and coworkers have developed an elaborate algorithm for smoothing

the forces and the potential of the atoms switching regions in order to conserve

both energy and momentum [21]. Their adaptive partitioning (AP) method is able

to fix the conservation problem in a long time regime (400–1,000 ps), and they

suggest using their permuted AP method when dealing with equilibrium condi-

tions, a situation when energy or momentum drift could noticeably influence the

physical or chemical behavior of the system. The permuted AP method does

however include a number of multilevel computations at each time step (as

opposed to just one) in order to assess how the potential smoothing functions

are applied. This increases the number of computation by 2N for each N groups in

the buffer zone. By our estimates, in the squalane system ~4.4 carbon atoms

would be in the buffer zone on average, thus increasing the QM calculations by

>21 times and making the AP method unattractive when thousands of trajectories

are needed.

In both of the algorithms just described, only small solvent molecules (e.g.,

H2O, NH3, . . .) are present in the simulations, and these molecules never straddle

a boundary. The use of switching functions when an atom or small molecule is in a

buffer region is convenient when the solvent molecule does not span from inside

the QM region, through the buffer, and into the MM region. In this situation, the

buffer region atoms are being given some MM character while still being bonded

to atoms in the QM region, which could lead to extraneous forces on all the QM

atoms in that molecule. This makes the inclusion of such algorithms to our

current model nontrivial. Additionally, it must be noted that in our simulations

we are not concerned with equilibrium conditions since the incident atom collides

at the surface with 1–5 eV of translational energy. Furthermore, our simulation

times are <10 ps, at which appreciable energy or momentum drift should be

very minimal.

Though we had success with dynamic partitioning with squalane, when we

began to study gas–liquid collision chemistry of room temperature ionic liquids,

dynamic partitioning as we had done in the past became problematic. This is

because the liquid, 1-ethyl-3-methyl-imidazolium nitrate or [emim][NO3], is

composed of cations and anions, and each of these cannot meaningfully be

divided into parts in the QM and MM region. This would require some sort of

charge partitioning algorithm, likely requiring charges to switch back and forth

between regions as a function of time, resulting in extraneous forces. Because

the liquid is ionic, it has slower diffusion and much higher density than the hydro-

carbon liquids, preventing the surface from changing much over time. After

testing numerous trajectory paths, we found that it was rare that the incident

atom with an ET � 5.0 eV had a direct interaction with more than the first two ion

pair layers. Therefore we decided to fix the QM region to include five ion pairs

(115 atoms) at or near the surface and the incident O(3P) atom. In comparison

to squalane, where there were often several well separated radical species,

O(3P) þ [emim][NO3] can be treated with a more localized QM description.
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3 Simulating Gas–Liquid Interactions

3.1 Building a Model Liquid Surface

Prior to the scattering of a gaseous atom off of a liquid surface, a properly

equilibrated surface must be created. Initially, we have created a bulk model of

the desired liquid with the TINKER program by using the OPLS all-atom force field

[47] and the isobaric–isothermal (NPT) ensemble for ~1.0 ns at 400 K with periodic

boundary conditions applied. This ensures that the fluctuations in bulk density have

reached a minimum. Afterward, the final structure of this simulation is used as the

initial structure for an additional NPT simulation which is cooled to 298 K (or some

arbitrary experimental temperature) for ~0.5 ns at which the average bulk density is

measured in comparison with physical property values. In our work with squalane

(C30H62) the density was found to be 0.769 g/cm3, compared to the observed value

of 0.815 g/cm3. To create a liquid surface, at this point the periodic boundaries in

one direction are extended by a factor of three so that two empty vacuum regions

are present on top and bottom of a slab of the equilibrated bulk liquid. This system

is then run for ~1.0 ns with the NVT ensemble to allow for surface relaxation of the

bulk liquid. After the surface density has equilibrated, random snapshots of the

surface are used as the starting surface for the reactive scattering simulations. It is

these surfaces that are used to compute the average surface density profiles, which

enables us to analyze the types, locations, and orientations of different molecules

(or parts of the molecule, like functional groups) within the liquid.

In our previous work, we were able to show that, even though the bulk squalane

contains twice as many secondary carbons as primary or tertiary, at the surface the

majority of the carbons are primary and stick up out of the surface (see Fig. 1). It is

important to understand what types of atoms are on the surface as their reactivity is

what drives the surface chemistry. Additionally, with our [emim][NO3] surface we

found that the anion is more abundant at the surface than the cation and that the

ethyl-chains that lie on the surface tend to stick up towards the vacuum [37].

However, we found that there exists a slightly different surface topology for

[emim][NTf2], which includes a larger anion that keeps the ethyl chain from

protruding out of the surface [36]. In contrast, the surface of [C12mim][NTf2] has

long hydrocarbon chains sticking up into the vacuum, causing a noticeable differ-

ence in the reaction profile that occurs upon gaseous atom collision.

3.2 Gas–Liquid Scattering Model

In order to simulate gaseous atoms scattering from a liquid surface that represents a

realistic sampling of the various chemical and surface features, various input

conditions should be considered to enable a connection to the experimental con-

ditions. The following conditions are what we have chosen for our models. After an
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equilibrated surface has been generated, multiple snapshots that are well separated

in time are used as the input for the scattering surface. Each of these snapshots

represents a unique surface, and several such surfaces are sampled in the trajectory

calculations. Because of the nature of the QM/MM calculation, periodic boundaries

are not used, and therefore, to keep the surface density consistent over the time of

the simulation, we fix the coordinates of atoms in the outer walls and base of the

liquid as shown in Fig. 2 for O þ [emim][NO3]. The incident atom is directed to

collide with the surface at locations that are chosen from a series of grid points

spaced ~2.5 Å apart to ensure sampling of the various functional groups or atom

types that are present at the surface. In order to understand the angular dependence

of the scattering and not bias the incident atom to a particular angle of incidence,

several azimuthal angles are sampled and results are considered from different

incident polar angles (yi) relative to the surface normal. Figure 3 provides a sche-

matic representation of this basic setup, which was utilized in our various gas–

liquid scatter experiments. In the case of our O/Ar þ [emim][NO3] studies, ten

unique surfaces, nine points on the surface grid, four azimuthal angles (0�, 90�,
180�, 270�), and four incident polar angles (0�, 30�, 45�, 60�) are considered for

Fig. 2 Side view depiction of the 32.3 � 34.5 � 31.6 Å3 QM/MM simulation box of O þ [emim]

[NO3]. The sticks represent the 2,093 atoms computed with MM and the tubes are the 116 atoms

computed with QM. Atoms within the 5 Å thick shaded regions on the sides and bottom are the MM

atoms kept fixed during the simulations to keep the liquid density from changing over time
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a total of 1,170 trajectories. For this chemical system there exist ~40–60% scattered

nascent products, which provide a large enough sample set to compute statistical

averages.

4 Application of Dynamic QM/MM to Gas–Liquid Scattering

4.1 Squalane

Squalane (C30H62) is a branched hydrocarbon with very low vapor pressure. It is a

popular liquid for molecular beam experiments as the chance that atoms in the beam

will collide with molecules evaporating from the liquid is sufficiently low; thus the

beam atoms can move ballistically, and reactions will only occur at the interface.

Experiments from Nesbitt et al. [34, 35] and Minton et al. [31, 32] have demon-

strated that, with incident F(2P) or O(3P) atoms, there exist two distinct reactive

processes with squalane. When the incident atom and nascent products have very

few collision events and spend very little time (on the order of ps) in the liquid, the

products leave the liquid with velocities and internal states that are largely reflective

of the primary reactive event. For hyperthermal initial conditions, this mechanism

is referred to as the hyperthermal desorption/scattering (HDS) component. On the

other hand, the incident atom and nascent products may have many collisions,

spending significant time in the liquid (ns–ms). In this case, the products leave the

surface with comparable energy to the surface temperature, and the mechanism is

referred to as the trapped desorption (TD) component. Due to current computing

resource limitations, our current dynamic QM/MM can only simulate <10 ps of

these reactions. Thus, any TD products coming from the liquid are missed; these

products are still trapped in the liquid at the termination of the simulation.

20Å

20Å

θi

15Å

15Å

F

C30H62 (squalane)

Fig. 3 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.

Arrows indicate the trajectory
of the incident fluorine atom

with angle of incidence yi
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We have completed two complementary gas/surface collision studies with

squalane, using incident O(3P) with 5 and 1 eV and F(2P) with 1 and 0.5 eV initial

translational energy [28, 29]. To understand the viability of using MSINDO for the

QM method, we computed the reaction enthalpies and barriers for the H abstraction

and elimination reactions of O/F with methane and ethane, and compared the results

to those from the advanced ab initio method CCSD(T). These comparisons show

that for the reaction barriers, which are important for the bond making/breaking

events in our simulations, the MSINDO computations are comparable (~0.15 eV)

to the CCSD(T) results. For the methane reaction, the H abstraction reaction (O þ
CH4 ! CH3 + OH) has an DErxn ¼ �0.342 eV whereas with F the reaction is

more exothermic (as expected) with an DErxn ¼ �1.418 eV, based on MSINDO.

Also, the reaction barriers are completely distinctive for these two reactions, with

the barrier for O + CH4 being 0.564 eV and that for F + CH4 only 0.167 eV. The H

elimination reaction (O + CH4 ! CH3O + H) has a quite different thermochemis-

try with a DErxn ¼ 0.081 eV while that for F + CH4 is DErxn ¼ �0.015 eV; the

reaction barriers are 1.869 and 1.769 eV, respectively. Generally, the MSINDO

computed thermochemistry with ethane has slightly lower reaction barriers as

compared to methane for both the H abstraction and elimination channels.

Considering the differences in thermochemistry between F and O reactions with

methane and ethane, it is not surprising that in our F + squalane studies, with

incident energies of 1.0 and 0.5 eV, no H elimination reactions are found; in

contrast, in O + squalane with the incident energy of 5 eV the probability of an

H elimination reaction is as high as 0.14. Additionally, in the O collision studies

double H abstraction and C–C bond cleavage occur with probabilities as high as

0.22 and 0.06, respectively. Another interesting difference in these two reactions is

in the probability that the product does not desorb from the surface by the end of the

simulation time (~10 ps). Upon H absorption, HF has a desorption probability of

0.90–0.95 (dependent on incidence angle), while OH has a bit lower probability of

0.71–0.83. This may be in part due to the average depth of penetration of the

incident atom before the reaction occurs, whereas the O average depth for H

abstraction is ~0.5 Å deeper than for F. Also, HF is formed with a higher probabi-

lity than OH, with reaction probabilities of 0.78 and 0.41, respectively, which is

understandable given that the MSINDO reaction barriers for H abstraction (of

methane or ethane) are ~3–4 times higher for O than F. However, the copious

formation of HF does not necessarily translate into the efficient transfer of the

incident energy into the product’s vibrational, rotational, and translational modes.

To examine these results in more detail, we now look at how the vibrational

states of the HDS component for the H abstraction product are affected by the

choice of F or O as the reactant. We compute these vibrational states based on the

classical histogram method [48], wherein the vibrational quantum numbers (calcu-

lated from the vibrational action [49]) is rounded to the nearest integer to determine

vibrational state populations. A similar method is used to define rotational quantum

number starting from the classical rotational angular momentum.

The dynamic QM/MM calculations show that the nascent gaseous product

HF leaves the surface with nearly all its vibrational distribution in either the
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n ¼ 1 or 2 state, and is split fairly equally between them. This is similar to what is

seen for gas phase reactions of atomic fluorine with hydrocarbons, indicating that

there is only modest vibrational relation as the HF exits the liquid. For the OH

product, most of the vibrational distribution is in n ¼ 0, with only a fraction (0.13)

being in the n ¼ 1 state. This reflects the smaller energy release in this reaction,

together with inefficient conversion of reagent kinetic energy into product vibra-

tional energy (as is also known from gas phase analogs). When the incident energy

of O is lowered from 5 to 1 eV there is even less population of OH in the n ¼ 1

state, with a probability of only 0.05. On the other hand, when changing the incident

energy of F from 1.0 to 0.5 eV, there is a decrease in the n ¼ 0 population and an

increase in the n ¼ 2 population. The vibrational distribution of HF with the lower

incident energy of 0.5 eV is more closely aligned with the experimental results from

Nesbitt et al. where the incident energy is ~0.08 eV. This indicates that the

population of the product vibrational modes is not governed by the incident energy

of the colliding gaseous atom, but is mostly due to the release of energy in the bond

breaking event.

Some of the energy released during the reaction is also transferred into the

rotational states of the nascent products. Figure 4 presents the distribution of

rotational states of HF for the major vibrational states. For the n ¼ 1 state of HF,

the distribution of rotational states is largely unchanged by the incident energy,

while for n ¼ 2, there are slightly hotter rotational states from the 0.5 eV initial

energy. A more drastic change in rotational distribution can be seen when changing

Fig. 4 Distribution of rotational states for the n ¼ 1 (red) and n ¼ 2 (blue) vibrational states of
HF, as obtained from F þ squalane simulations. Solid lines are for 1.0 eV and dashed lines are for
0.5 eV input translational energy
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the incident energy of O from 5 to 1 eV. With 5.0 eV incident energy, the OH

rotational distribution peaks around J ¼ 5–6 and has a bit of a Boltzmann-like

distribution. On the other hand, with 1 eV incident energy the OH rotational

distribution is hotter and peaks around J ¼ 10–12. This is further evidence that

the transfer of energy into the product states is not governed by the incident energy.

Comparing translational energy distributions provides another contrast of the

results from F vs O. Here we compare the H abstraction products (OH and HF) as

well as the inelastic scattered atoms (O and F). For both inelastically scattered

products there is a similar variation of final translation energy distribution with

respect to angle of incidence. At 60� angle of incidence there is a broad distribu-

tion of translational energies, covering the range from almost zero energy to an

energy equal to the incident energy (i.e., 1.0 eV for F and 5.0 eV for O) as shown in

Figs. 5 and 6. By contrast, at 30� angle of incidence, most of the input translational

energy is transferred into the liquid.

There is a notable difference in the final translation energy of the H abstraction

products, OH and HF. The OH final translational energies are very similar to the O

energies and still have a distinctive variation with respect to the incidence angle.

In contrast, the HF product final translational energies are largely independent of

Fig. 5 Distribution of product translational energies in eV of HF (left) and scattered F (right) from
incident translational energies 1.0 eV (top) and 0.5 eV (bottom) and for each angle of incidence

30�, 45�, and 60�
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Fig. 6 Distribution of product translational energies in eV for OH (top) and scattered O (bottom)
for O þ squalane collisions with an incident translational energy of 5 eV and for each angle of

incidence 30� (solid red), 45� (dashed blue), and 60� (dotted green)
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incidence angle in comparison to the scattered F energies. Also, there is very little

difference in the final translational energy of the HF product with regard to input

translational energy. Furthermore, for the 0.5 eV incident energy it is even common

that the HF product has more final translational energy than F had initially. This

brings clarity to the notion that the molecular energy transferred to the product

states is mainly from the chemical reaction that takes place and not from the

collision energy.

4.2 [emim][NO3]

We have also applied our dynamic QM/MMmodel to study the surface reactivity of

room temperature ionic liquids (RTIL). These RTIL are quite unique liquids in that

they are comprised solely of cation and anion pairs that can be interchanged with

other types of cations or anions; therefore, their physical and chemical properties

are a bit tunable. Generally these liquids are nonvolatile and nonflammable, chemi-

cally and thermally stable, and possess high ionic conductivity. Our interest in

RTIL is in their use as environmentally conscious hypergolic bipropellants.

Although these liquids are becoming more readily utilized as solvents, little is

known about the surface reactivity of these liquids. Since we have had some

success in analyzing the reactivity of squalane via gaseous atom/surface scattering,

we extended our work to include a simple RTIL, 1-ethyl-3-methyl-imidazolium

nitrate, referred to as [emim][NO3]. This liquid can be viewed as three distinctive

components – the NO3 anion, the imidazolium ring cation, and the nonpolar

hydrocarbon tail (ethyl-chain) – all with their own unique local chemistry.

The [emim][NO3] RTIL was chosen because an OPLS-AA force field had

already been developed for it [50], and it limits the chemical interactions to only

C, H, O, and N, atoms for which we have confidence in using MSINDO to predict

reasonably accurate thermochemistry of nitrogen-containing ring systems [51, 52].

In order to grasp the difference in the reactivity of the different surface compo-

nents with each other. As opposed to the incident atom, we chose to compare the

nonreactive scattering of Ar with the surface to the chemistry that results in reactive

scattering with O(3P), both with an initial 5.0 eV of translational energy.

The gas–liquid scattering setup is very similar to that described with the squa-

lane experiments in the previous section. However, as mentioned in Sect. 2.3, the

QM region in these simulations was fixed to a localized region near the surface. Our

surface analysis of [emim][NO3] indicates that the ethyl-C sticks up out of the

surface, followed by an even distribution of cations and anions. This means that

there are readily accessible H atoms sticking up out of the surface for H abstraction

or H elimination reactions to occur before the incident O crosses the surface

threshold (the point where the density is equal to half the bulk density). Our

study was done in tandem with Minton and coworker’s similar experimental

study [36] that used the RTILs [emim][NTf2] and [C12mim][NTf2], which they

are able to obtain with high purity, unlike [emim][NO3] at the time of their study.
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In both of these liquids the computed surface topology demonstrated that the large

anion and the ethyl-chain are equally present at the surface, while the longer C12-

chain extends well out of the surface, thus exposing a significant amount of

accessible H to the incoming O atoms.

Upon collision with Ar, some translational energy is transferred into the [emim]

[NO3] surface causing minor changes in the local chemistry as shown in Table 1.

Nearly all of the incident Ar atoms scatter from the surface (a probability of 0.91)

with a small fraction trapped at the end of the simulation time of 7.3 ps. The

momentum transfer causes on average two to three proton transfers to occur

between the imidazolium ring and the anion (see Table 2), thus neutralizing the

Table 1 Probabilities for

scattering Ar and O(3P) from

an [emim][NO3] surface,

including the distribution of

each nascent product

From Ar From O(3P)

Totala 0.17 � 0.01 0.57 � 0.02

Incident atomb 0.91 � 0.03 0.23 � 0.01

HNO3 0.06 � 0.01 0.04 � 0.006

emimc 0.10 � 0.01 0.12 � 0.01

emim + [NO3]
d 0.01 � 0.003 0.05 � 0.006

O – 0.13 � 0.01

OH – 0.04 � 0.005

O2 – 0.02 � 0.005

HNO2 – 0.05 � 0.007

Me/Et fragmente – 0.02 � 0.005

IM-chainf – 0.01 � 0.003

IM-chain fragmentg – 0.04 � 0.006
aFor Ar this value includes the sum of all non-Ar products; for O,

this includes all desorption products
bIncludes only desorption products containing the incident atom
cRefers to the neutral species from the cation [emim] after

loss of Hþ
dRefers to any pairs or groups derived from the imidazolium ring

(cation or neutral) with the anion
eMethyl or ethyl fragment from elimination of hydrocarbon

from ring
fThe unfolded imidazolium ring from ring scission – O addition
gA piece of the unfolded ring from ring fragmentation – O

addition

Table 2 Distribution of

number of proton transfers

and cation/anion pair

recombinations

Proton transfer Incident O Incident Ar

0 0.12 � 0.01 0.13 � 0.01

1 0.29 � 0.02 0.21 � 0.01

2 0.35 � 0.02 0.31 � 0.02

3 0.20 � 0.01 0.30 � 0.02

4 0.04 � 0.01 0.05 � 0.01

5 0.00 0.00

[emim] þ [NO3] !
emim-ONO2

a 0.12 � 0.01 0.12 � 0.01
aAn oxygen from NO3 attaches to the imidazolium ring
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cation/anion pair. Once neutralization occurs, it is inevitable that the neutral species

will eventually desorb from the charged liquid. Instead of proton transfer, the

surface collision can also supply enough energy to enable the anion to react with

the cation. This bond usually occurs between an O in [NO3] and one of the C–H

carbons on the imidazolium rings. It is likely that these recombinations with the

cation and anion are only short lived in the actual system. However, within our

simulation time, we found that the probability of these events was 0.12. When the

proton transfer event occurs to a molecular species that is located at the surface

edge, there is sometimes enough momentum to “push” the neutral species off of the

surface, which is listed as “total” in Table 1. The probability for this event to happen

to [emim] is 0.10 and for [NO3] is 0.06. There is only a very slight probability of

0.01 that more than one molecular species departs the surface together. Overall, for

nonreactive scattering of Ar from the surface, little change occurs chemically to the

ionic liquid molecules. This adds to knowledge concerning the chemical and

thermal stability of RTIL.

The collision of a reactive atom, O(3P), with [emim][NO3] causes a multitude of

chemical reactions to ensue at the surface. This is in contrast to the scenario that we

just presented with the bombardment with Ar, a nonreactive atom, although there

are some common features as well. The types of reactions that occur have been

grouped into reaction types in Table 3. One of the most common reactions, with a

probability of 0.43, is the elimination of NO3, which occurs when the incident O

collides with [NO3] forming NO2 or HNO2 and O2 or occasionally OOH. The

second most prevalent reaction type, occurring with a probability of 0.21, is ring

scission – O addition; this occurs when O addition causes a bond scission in the

imidazolium ring, opening it up into an intact chain. About a quarter of the time

there is enough vibrational energy in the chain that it splits apart creating the

channel labeled ring fragmentation – O addition. Commonly, in both the ring

scission reaction types, an aldehyde is formed. As with the O þ squalane reactions,

H abstraction also occurs in the O þ [emim][NO3] reaction yielding OH with a

probability of 0.09. Note that this is much lower than the 0.41 that is found with

Table 3 Reaction probability

from O(3P) + [emim][NO3]

by reaction type

Distribution of reactions by type

O scattering 0.13 � 0.01

O addition to NO3 0.02 � 0.004

Elimination of NO3 0.43 � 0.02

O addition to HCa 0.01 � 0.002

Elimination of HC from ring 0.04 � 0.01

Ring scission – O additionb 0.21 � 0.01

Ring fragmentation – O additionc 0.05 � 0.01

H abstraction 0.09 � 0.01

NO3 substitution 0.01 � 0.003

HC substitution – H elimination 0.02 � 0.004
aHC refers to the ethyl or methyl hydrocarbon on the imidazo-

lium ring
bAfter ring scission the [emim] becomes an intact chain
cAfter becoming a chain, fragmentation occurs
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squalane, which makes sense since the ionic liquid has a smaller fraction of

abstractable hydrogens. There is a small chance, 0.13, that the O does not react

and bounces back from the [emim][NO3] surface; inelastic collisions of this nature

with O þ squalane occur more often, with an overall average probability of 0.23.

In the O þ [emim][NO3] collisions, more than half of the products desorb from

the surface during our simulation time, as shown in Table 1. This is in contrast to the

Ar collision study where the probability of non-Ar containing products was 0.17. As

with the nonreactive study, the O collisions also cause one to three proton transfers

(see Table 2). Interestingly, a similar portion of HNO3, emim, and emim þ [NO3]

desorb from the [emim][NO3] surface as compared to the nonreactive study; HNO2

is an additional product found in the O scatter data. It is likely that the proton

transfer event is responsible for these species desorbing from the [emim][NO3]

surface. The H abstraction channel, which occurs predominantly at the ethyl or

methyl sites on the imidazolium ring, forms OH and has a desorption probability of

0.04. Nearly half of all the OH created desorbs from the surface by the end of the

simulation (7.3 ps). In squalane, around 80% of the OH exits the surface. This is

reflective of the differences in the surface density and the amount of diffusion that is

possible within these two liquids. It must be noted that no charged species were

found to desorb, which is not surprising because they would inevitably be attracted

back to either the cations or anions at the surface.

In connectionwith the experimental observables thatMinton et al. havemeasured

for the similar reaction (O + [emim][NTf2]), we also report the translational energy

distribution of the inelastically scattered atoms as well as of the major molecular

products. Figure 7 provides a basis for understanding how the [emim][NO3] liquid is

Fig. 7 Distribution of the final translational energy (in eV) of Ar for each angle of incidence

(yi ¼ 0�, 30�, 45�, and 60�)
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able to absorb energy upon bombardment by a nonreactive atom. Overall there is a

broad distribution of final translational energies from the more glancing angle of

60�, and on average about half the 5.0 eV initial energy is transferred to the liquid.

For more direct angles of incidence, nearly all the final translational energy is below

1.0 eV, indicating that multiple collisions play an important role. Figure 8 shows the

corresponding results for inelastically scattered O atoms. (No 0� data are presented
because almost all the incident Os undergo reaction for this angle.) For an incident

angle of 60�, there is a very similar distribution of final translational energies for O as

was found with Ar. This is likely due to the fact that at this glancing angle there is

very little penetration of the surface (0.94 Å for Ar and �0.68 Å for O on average),

thus minimizing the number of collisions and leaving the incident atom mostly

unchanged. For the more direct collisions at 30� and 45�, the scattered O has more

translational energy than Ar, as if the larger, heavier Ar atom is a “softer” atom

losing more energy to the liquid. The distribution of final translational energy from

the OH desorption product is depicted in Fig. 9. There is a slight decrease (~0.5 eV)

in the translational energies of the OH product in comparison to the inelastically

scattered O, with similar distributions between the various angles of incidence. Most

of the OH products are fromH abstraction at the C–H groups on the ethyl andmethyl

substituents on the imidazolium ring, which are sticking up out of the surface. On

average, at 60� incidence angle, both O and OH scatter from [emim][NO3], as we

found with our QM/MM–MDmodel, with about half the initial translational energy;

this coincides with the experimentally determined final translational energy of O and

OH scattering from [emim][NTf2]. Other nascent products, which are not shown

Fig. 8 Distribution of the final translational energy (in eV) of O(3P) for each angle of incidence

(yi ¼ 0�, 30�, 45�, and 60�)
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here, are HNO2 and HNO3, both of which have smaller and much narrower distribu-

tions of translational energies and are largely independent of incidence angle. It is

thought that this is because the reactive channels that govern these products involve

a proton transfer event, and are not dependent directly upon a primary collision

event.

5 Summary

In this chapter we reviewed the details of our theoretical methods that are used to

describe gaseous atoms scattering from liquid surfaces. Scattering experiments of

this type allow for the direct study of the surface reactivity of liquids, including

studies of the partitioning of molecular energy transfer into various vibrational,

rotational, and translational modes of the scattered products. One of the complex-

ities in modeling such a dynamic system at hyperthermal energies is that many

chemical changes can occur (i.e., the making/breaking of several bonds), and a

priori knowledge of when and where this will occur is not easy to estimate in the

absence of a simulation. Additionally, the spatial length scale needed to describe

gas–surface reactions is larger than what can normally be computed purely with ab

initio QM. Thus we use a hybrid approach that partitions the system into reactive

and nonreactive regions to be treated by a dynamics QM/MM approach.

The nonreactive regions (thousands of atoms) were described with predeter-

mined force fields (OPLS-AA) using MM, and the reactive regions (hundreds of

Fig. 9 Distribution of the final translational energy (in eV) of OH for each angle of incidence

(yi ¼ 0�, 30�, 45�, and 60�)
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atoms) were computed with semiempirical QM (MSINDO), an efficient approach

to describe bond-breaking for the reactions we are interested in. The coordinates

and forces in our simulations are propagated in time using a rather robust fifth/sixth

order predictor–corrector scheme. One unique aspect of our QM/MM algorithm is

that we allow for a dynamic partitioning of atoms to be treated either with MM or

QM, which we refer to as the “seed atom” method. Though we took a simplistic

approach to the dynamic partition of atoms, we found this to be very useful in

studying a surface like squalane that is very porous, allowing the incident atoms lots

of freedom to move around within the liquid surface. We further discussed in

Sect. 2.3 some of the difficulties involved in reassigning atoms in and out of the

reactive region, as this changes the forces computed from one step to the next with a

different level of theory.

Thus far, we have applied our QM/MM–MD model to study reactions at the

surface of a well known hydrocarbon liquid, squalane, and we have also provided

perhaps the first theoretical study of gaseous atom scattering from an RTIL surface.

With squalane we observed the reactivity of both O(3P) and F(2P) scattering from

the surface at a few different initial translational energies. The chemistry that

ensued upon bombardment with F(2P) with 1.0 and 0.5 eV incident energy was

limited to H abstraction. However, when O(3P) hits the surface of squalane at 5 eV,

it is capable not only of H abstraction but also of H elimination and C–C bond

scission. Even though understanding the barriers to these reactions helps determine

whether there is enough initial translation energy to overcome these barriers, it is

only through the dynamics simulations that we gain an insight into the mechanism

of these reactions and the likelihood of these reactions occurring as a function of

position relative to the liquid interface. One major theme that is noted throughout

the discussion in Sect. 4.1 is that the molecular energy (be it vibrational, rotational,

or translational) of the nonthermal nascent products emerging from the surface is

predominantly due to the bond making/breaking event and is largely independent of

the incident atom’s energy and collision angle. This indicates that nonthermal

products are incompletely relaxed as they emerge from the liquid surface, even

when they are produced a few angstroms beneath the surface.

Probing the reactivity of our RTIL surface of [emim][NO3] was done with both

Ar and O(3P) at 5 eV to study both the nonreactive and reactive scattering. The Ar

scattering shows that proton transfers can occur between the cations and anions, and

there exists a small probability that the neutral species emim or HNO3 can subse-

quently desorb during our simulation time of 7.3 ps. Desorption of neutral emim

and HNO3 can also occur in the O(3P) scattering simulations and other neutrals

such as HNO2 and O2 can also be produced. Bombardment of the RTIL with O(3P)

can also produce many other chemical species. Consistent with the Minton et al.

experimental studies, we find that the abstraction product OH desorbs from the

RTIL, resulting in an average translational energy that is about half of the input

energy at an angle of incidence of 60�, and even less when the angle of incidence is
more direct.

The QM/MM applications that we have considered have focused on hyperther-

mal chemistry for the most part, and this is a natural direction for this research due
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to the short time (few ps) and small spatial regions (100–200 quantum atoms)

required for describing the hyperthermal dynamics. Even with this limitation, there

are a growing number of applications accessible to this method, as high energy

atomic sources provide useful information about the structure and reactivity of

liquid surfaces. The same technology can also be used to describe gas–solid

reactions, as reviewed elsewhere [27], and in this case it is relevant to a number

of important industrial etching processes as well as space materials research.

Thermal reactions at gas–liquid interfaces can also be described, but the computa-

tional effort can easily get out of hand unless one implements additional compo-

nents in the calculations (such as umbrella sampling so that the reacting species are

initiated in close contact). Ultimately one needs to separate the reactive event for

such problems from adsorption and diffusion, and there are serious questions as to

whether a dynamic QM/MM approach is going to be the most useful way to

describe the dynamics.
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