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Abstract

Classical trajectories are propagated using the energy gradient calculated from quan-

tum mechanical methods, through which atomic level chemical dynamics are used to

investigate the properties of unimolecular and bimolecular reactions. The program de-

velopment work involves the improvement of the interface between the classical tra-

jectory simulation program (VENUS) and quantum chemical programs (NWChem and

GAMESS) by adding trajectory restart capability and alternate initial SCF guesses. In-

tramolecular and intermolecular energy was followed along the trajectories to investigate

energy partitioning and transferring, e.g., the partitioning between relative translational

energy and internal (rotational and vibrational) energy to compare with molecular beam

experiments, or the energy transfer between solvent and solute to investigate the solvent

effect in chemical reaction. The simulations were performed on the chemical system of

dissociation of 1,2-Dioxetian, F− + CH3I SN2 reaction, formation and dissociation of

1,5-Dinitrobiuret and spin-orbital coupling affect of HBr+ + CO2 reaction.
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Chapter 1

Introduction and Overview

1.1 Classical Chemical Simulations

When we talk about chemistry, the image that firstly comes into people’s mind are most

likely experiments: from alchemy in history to molecular beam reactions nowadays. Ex-

perimental chemistry provides the chemist (and alchemist too) a great knowledge of the

chemical process in macroscopic level in the sense of species of products, reaction con-

ditions (temperature, pressure and etc.) and reaction yield, however, the microscopic

information, such as reaction mechanism (chemical dynamics and kinetics) and state

transfer process, is still not well represented even with the high technology experimental

facilities. Therefore, theoretical studies, especially chemical simulations, which enable

the scientist to follow the motion of atoms or even electrons, play an essential role in

understanding the chemical process. Classical trajectory simulations have been used to

study the atomic dynamics of chemical reactions, energy transfer and molecular motion

since the early 1960s[1, 2]. The simulation studies were for unimolecular[1] and bimolec-

ular reactions[2, 3] and then were extended to gas-surface collision[4, 5], intromolecular

vibrational energy redistribution in molecules[6], heat transfer across interface[7, 8], and

transitions between potential energy surfaces for different electronic states by implement-

ing the trajectory surface hopping method[9]. Generally, a comprehensive component of

classical trajectories simulations includes[10, 11]:

1
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1. Develop or choose a potential energy function or surface which would represent

the chemical problem under investigation accurately.

2. Select initial conditions for the ensemble of trajectories based on statistical theories

to represent certain physical properties such as temperature, energy and etc.

3. Use the energy gradient (and sometimes Hessian too) from 1. to propagate trajec-

tories by solving classical equations of motion numerically, that is, either Newton’s

or Hamilton’s.[12]

4. Transform the trajectories’ final atomic coordinate and momenta to properties

that may be compared with experiment and/or theoretical model. Included in

this component are bond lengths and angles to identify product structures; product

vibrational, rotational and translational energies; quantum numbers for vibrational

and rotational degree of freedom; the amount of energy in individual molecular

degrees of freedom; and the scattering angles.

The research during my doctoral studies mainly focus on 1. and 4., which would be

discussed in detail in this dissertation, however, brief introductions for 2. and 3. will

be also provided below.

1.1.1 Ensemble of Trajectories

The initial conditions for the trajectories are chosen to corresponds to those of the exper-

iments or thoeries. To realized that, an ensemble of trajectories, whose initial conditions

represent certain physical properties based on statistical theory, would need to be cal-

culated. The initial energies of the molecules are usually chosen to match some values

or distributions, for example, an esemble of trajectories with initial energies distributed

following Boltzmann distribution would be needed to model the experiments which are

carried under a constant temperature (canonical ensemble)[13]. These energies are then

transformed to the positions (coordinates) and velocities (momenta) of the atoms in

molecules. There are different approaches for this transformation and quasiclassical

2
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sampling method is one of the widely used methods[14]. An example of this method is

to sample the vibrational energy, in which a random phase is often chosen for normal

modes, and the resulting distribution is a classical one with the most probably values

for the normal mode coordinate being at the classical turning points[14, 15]. Another

approach is to use Wigner distribution function[16, 17] to select initial coordinates and

momenta for trajectory calculation and a recent study shows the differences in post-

transition state dynamics between Wigner and classical sampling simulations, for two

chemical systems, are negligible within statistical uncertainties[18].

There are random and non-random ways for choosing initial energies for molecular and

the corresponding simulations could be used to model different reaction systems. For

example, selecting a microcanoniocal ensemble of vibrational states is a random way

of exciting the molecule, which would allow the energy randomly distributed among

the vibrational modes, with the summation to be a fixed value. This initial condition

is never realized in an actual experiment, but plays an essential role for identifying

the RRKM[19] behaviour and studying the a molecule’s intramolecular dynamics[19].

Non-random excitation are needed for simulations to compare with experiment, such as,

chemical activation, S1 → S0 conversion, local-mode excitations and etc. For researches

that are presented in this dissertation, the chemical systems have been excited in both

ways and there is a detailed discussion in Chapter 6 about how the dynamics would be

changed by different ways of exciting the chemical system.

1.1.2 Classical Equation of Motion

In a classical chemical dynamics simulations, each trajectory is evaluated by numerically

integrating either Hamilton’s equation of motion:

E = H = T + V (1.1)

∂pi
∂t

= −∂H
∂qi

(1.2)

∂qi
∂t

=
∂H

∂pi
(1.3)

3
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or Newtons’s equation of motion:

− ∂V

∂qi
=
mi∂

2qi
∂t2

(1.4)

The information that is required for solving those equations is the potential energy and

its gradient (and Hessian for some applications). Generally, there are two methods to

obtain this information, for example, molecular mechanical (MM) analytical potential

energy functions and electronic structure theory calculation. The latter is usually re-

ferred to as ”direct” or ”on-the-fly” dynamics because the potential energy gradient that

is used for solving the equations of motions are ”direct” obtained from ab initio calcu-

lation at each integration point along the trajectory. A detailed discussion of different

resource of potential energy will be provided in the following section.

There are different algorithms[20, 21] available for integrating Hamilton’s equations of

motion (eq. 1.2 and 1.3) in Cartesian coordinates. This method uses predictor-corrector

algorithms which required two evaluations of the potential energy gradient ∂V
∂qi

for each

numerical integration step, with the accuracy of forth order or higher. A more widely

used methods that are used in integrating the classical equations of motion is symplectic

integrators[22]. Compared with predictor-corrector algorithms, one advantage of sym-

plectic method holds is that certain dynamics properties (i.e. phase space volume) of

the trajectory preserves, which is expected for accurate trajectories.

Velocity Verlet algorithm[23], a symplectic integration scheme, is widely used for New-

ton’s equation of motion. The position is obtained by Taylor expansion in the time

integral between t and t+ δt and then t− δt and t, then the two expressions are added

together to:

qi(t+ ∆t) = 2qi(t)− qi(t−∆t)− 1

mi
(
∂V

∂qi
)∆t2 (1.5)

It is worthy pointing out that the velocities are not included in the above equation and

only useful for calculating the kinetic energy and restart the trajectories. The velocities

can be computed from:

q̇i(t) =
qi(t+ ∆t)− qi(t−∆t)

2∆t
(1.6)
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Symplectic methods generally give good energy conservation for long time integration

of large systems, and are superior to predictor-corrector (nonsymplectic schemes) that

yield a continuous drift in energy. However, one should always be aware that fluctuations

in the energy between two integrations are typically led to the system by symplectic

integration as a side effect and both the total energy conservation and fluctuations

should always be checked along the trajectories[24].

Instead of computing energy gradient from quantum chemistry calculation for every

integration step, Hassian-base predictor-corrector integration methods[25–27] has been

introduced since 1990 for direct dynamics simulation to enhance its efficiency. The

predictor uses the potential energy, its gradient and Hessian to construct a local potential

energy surface using a quadratic Taylor expansion and then solving Newton’s equation

of motion on this local potential. After integrating the trajectories for certain number of

steps, which is defined by user, a new quantum chemistry calculation will be called at the

predicted geometry to compute the new potential energy, its gradient and Hessian. Then

a potential energy surface is interpolated from the potential information of those two

points and a trajectory is recalculated from the origin point to the trust region boundary.

This completes the correction phase of the time step. Hessian-base predictor-corrector

algorithm reduced the number of quantum calculation extraordinarily (even though

each quantum calculation is much more expensive), and researches[28] have shown that

Hessian-base predictor-corrector integrator attains similar energy conservation as the

velocity Verlet with a different time step size but with about half the computation cost

as that of velocity Verlet.

1.2 Potential Energy Surface

1.2.1 Analytic Potential Energy vs. On-the-fly Potential Energy

The potential energy surface provides the ”force” that propagates the trajectories, hence,

one important component for meaningful trajectory simulation it to use the potential

energy surface which represents the chemical system accurately.
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The traditional approach for performing classical trajectory simulations is to represent

potential energy V (q) by either an empirical analytic function, with adjustable param-

eters, or as an analytic function fit in total or in part to quantum chemistry potential

energies[24]. For a molecule with N atoms, the analytic function which fits with n

different values for each internal coordinates with all the degrees of freedom in the sys-

tem (3N − 6 for non-linear molecules and 3N − 5 for linear molecules) would need a

total number of n3n−6 quantum chemistry calculation. Therefore, only reactive system

with a small number of atoms is practical to derive V (q) completely. Examples of such

analytical potential energies are H + H2 → H2 + H[29], F + H2 → HF + H[30] and

HCO → H + CO[31].

What if scientist wants to model large polyatomic system using analytic potential en-

ergy functions? The answer is, only few degrees of freedom that are thought to be

most critical for the dynamics are fit analytically, and the remaining degrees of freedom

are represented by empirical analytical potential energy functions, which are usually

fit to experimental data such as force constant, equilibrium geometries and/or bond

energies[32]. A good example of such analytic potential energy functions are the ones

developed for SN2 nucleophilic substitution reactions of the general type[33–35]:

X− + CH3Y → XCH3 + Y − (1.7)

in which two particularly important coordinates of the potential energy function for this

reaction are the C-X and C-Y bond distances. The simulations those were performed

on the analytic function shows good agreement with the more recent direct dynamics

simulations[36].

Overall representing potential energy function using analytic functions performs well on

small reactive systems but it could become more ambiguous and difficult as the number

of atoms increases. The reasons are:

1. The dynamics that is observed is nothing but a ”consequence” of the potential

energy that has been used, therefore, it is not straight forward to identify the

”critical” internal coordinates that would be fit with the analytic function.

6



Texas Tech University, Rui Sun, Dec 2014

2. Sufficient experimental information is usually lacking to uniquely parametrize the

potential for the remaining ”non-critical” degrees of freedom.

3. The coupling between the ”critical” and ”non-critical” coordinates is uncertain.

1.2.2 Born-Oppenheimer vs. Car-Parrinello Direct Dynamics

With the increase of the computational abilities that high performance super computer

has, it has become feasible to use quantum chemistry calculation directly in classical

trajectory simulation (aka. direct dynamics). As discussed in the previous section,

the potential energy and its gradient (Hessian too for some purpose) are directly com-

puted using electronic structure program for each integration step. Two approaches,

i.e. Car-Parrinello[37] and Born-Oppenheimer[24], have been advanced for perform-

ing direct dynamics simulations on a potential energy surface for a single electronic

state. The electronic wave functions and nuclear motions are propagated simultane-

ously in the former approach, which introduces a fictitious classical dynamics for the

electronic wave function and corresponding fictitious electronic mass parameter µ. Car-

Parrinello direct dynamics simulations is substantially less computational expensive than

the Born-Oppenheimer approach for the reason that is does not require an optimized

wave functions at each integration step. However, Car-Parrinello direct dynamics re-

covers Born-Oppenheimer direct dynamics only in the limit µ → 0 and a very small

µ is needed to obtain accurate result[38, 39]. As a consequence of small value of µ, a

small integration time step is required, which significantly decreases the efficiency of the

simulations. The fictitious electronic mass µ also induces the artificial coupling between

the nuclei and electrons, which leads to non-physical result. A summary of these studies

is that Car-Parrinello and Born-Oppenheimer direct dynamics are of comparable com-

putational cost, however, the latter one is believed to be more correct in ”philosophy”.

In recent work, Born-Oppenheimer direct dynamics was incorporated into the original

Car-Parrinello direct dynamics program[40]. For the research that are presented in this

dissertation, only Born-Oppenheimer direct dynamics were used.
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1.3 Trajectory Finalization

The trajectory could be finalized at any time, but usually based on criteria as maximum

number of integration or geometry benchmark. Then the trajectories’ final conditions

are analysed by statistical theory (ensemble of trajectories are calculated) and then

compared with experiments and/or rate constant theories.

For a study of gas phase collision to compare with molecular beam reactions[41], the

internal energy (Evib+Erot)after collision Ei is extrapolated from final conditions of the

trajectories, which is computed using the equations below:

Ei = Etotal − Etranslation (1.8)

in which Etotal is the total energy in the products which could be computed from the

finial conditions (coordinates and momentums). Furthermore, Ei my be separated into

average final rotational and vibrational energies based on classical mechanism (Note,

only average values may be determined because of the non-separability of vibrational

and rotational energies[42]).

The velocity scattering angle θij after collision could be also computed as:

cos θij =
~vi ~vf
|~vi|| ~vf |

(1.9)

where ~vi, ~vf are the initial and final velocity vectors, respectively. Those information

could be also obtained from experiments and it is important to compare the differences

between simulations and experiments to verify the accuracy of the trajectories.

For bimolecular reaction in which two molecules collide towards each other and induce

the reaction, there are generally two ways to sample the trajectory with respect to the

impact parameter b. The impact parameter could be sampled randomly between 0 and

a certain value bmax, which is chosen by test, or the impact parameter equals to a fixed

value. To make a valid statistical average, a complete ensemble of trajectories in the

latter approach contains several sets of trajectories with different impact parameters and

the quantities (i.e. Ei and θij) from each trajectory is usually weighted differently. To
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enable each trajectory hold the same weight in statistical averaging, the idea is to have

the number of trajectories to be sampled in each set of trajectories proportional to the

size of the cross section, as shown in the equation below:

N(bi)

N(bj)
=
σi
σj

(1.10)

where N(bi) and N(bj) are number of trajectories with impact parameter of bi and bj ,

respectively. σi and σj are cross section with respect to bi and bj , which is computed as:

σi = 2πbi ·∆b (1.11)

A more general approaches is to sample same number of trajectories at different impact

parameters and the weight for each impact parameter is:

w(bi)

w(bj)
=
bi
bj

(1.12)

As shown in Eq. (1.12), those trajectories with large impact parameter weight more than

those with small impact parameter and collinear collision (b=0) does not contribute to

the statistical average (in reality, it is not possible to have two molecule collide ”exact”

in a collinear manner). Most of the research presented in the dissertation are carrier out

in this approach and the detailed information will be provided later.
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Chapter 2

Computer Programs -

VENUS/NWChem

As has been discussed in the previous section, direct dynamics simulations need ”on-

the-fly” potential energy and its gradients (sometimes also Hessian) to propagate the

trajectories, therefore the coupling between classical trajectories simulation program and

electronic structure calculation program is required.

A widely used classical trajectory simulation program, VENUS[43, 44], have been cou-

pled with different common electronic structure calculation codes such as GAMESS[45],

NWChem[46] and Molpro[47]. There are different approaches of the coupling between

the two computer programs and there are generally two methods: tight coupling, in

which two codes are compiled and linked together and act as one executable with data

being passed between the two codes through routine calls; and loose coupling, where

the two codes would work relatively independent of one another with communication

between each other through script or shell. Either approach has its own advantage and

disadvantage. For the research presented in this dissertation, VENUS/NWChem[48] is

the software that was mostly used, in which VENUS and NWChem was coupled in a

tight manner and the detailed information of this coupling are described below.
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2.1 General VENUS/electronic structure theory interface

for direct dynamics simulations

Figure 2.1 shows the flowchart for calculating a classical trajectory with the VENUS

computer program. The initiation of the execution begins by setting up the classi-

Figure 2.1: Flowchart for the VENUS chemical dynamics computer program, for
which an ensemble of classical trajectories is calculated. The potential energy function
may be analytic (e.g. MM), quantum mechanical (QM), or a QM+MM or QM/MM

combination

cal trajectory calculation. Unimolecular reactions, bimolecular collisions and reactions,

gas–surface collisions and reactions, and dynamics initiated at a potential energy barrier

could be studied using VENUS with different ways of sampling the initial conditions of

the trajectories. For example, the vibrational energy for a polyatomic molecule may be

chosen by:

1. Sampling classical or quantum microcanonical ensemble [14, 49]
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2. Selecting a specific normal mode or local mode vibrational state [14]

3. Sampling normal mode vibrational energy using Boltzmann distribution of energy

[13]

The rotational energy can be chosen by adding RT/2 of energy about each rotation

axis or by sampling the Boltzmann rotational energy distribution. The relative transla-

tional energy for bimolecular collisions/reactions can be either fixed or chosen from its

Boltzmann distribution with respect to temperature. The impact parameters for the bi-

molecular collisions could be chosen as fixed value or distribution between certain values.

For gas–surface collisions/reactions, initial conditions for the projectile may be sampled

using one of the methods described above, while the surface is thermally equilibrated to

the desired surface temperature Tsurf . For the simulations starting at a potential en-

ergy barrier (transition state), the trajectories could be directed toward either reactants

or products or randomly selected to move in both of these two directions and a fixed

amount of energy are put into the reaction coordinate translation.

Potential energy, and its gradient and Hessian, are needed for the selection of initial

conditions of the trajectories. For example, in order to sample the vibrational energies,

the Hessian matrix will be computed in NWChem, and pass to VENUS to diagonalise

to compute the harmonic vibrational frequencies and force constant, which is used in

the normal mode sampling.

After the initial sampling of the trajectory, the numerical integration of the trajectory

involves calls to obtain the gradient for a gradient-based integration algorithm such as ve-

locity Verlet[23], and also the Hessian for a local quadratic Hessian-based integrator[26].

After each trajectory integration, VENUS will pass the updated geometries to quantum

calculation program which will evaluate energy/gradient/Hessian and pass them back

to VENUS for another integration. The transmission of information between VENUS

and the electronic structure program is performed by a set of interface routines.

VENUS/NWChem is also capable of performing simulations which includes both an

electronic structure theory quantum mechanical (QM) component and an analytic po-

tential energy (MM) component. As compared to most of the analytic potentials do not

12



Texas Tech University, Rui Sun, Dec 2014

allow chemical reactions, one advantage of VENUS is that it includes analytic potentials

which do allow reaction. Such a direct dynamics simulation with both QM and ana-

lytic potential energy functions is often called QM/MM simulations. The trajectory is

propagated by the gradient from both QM and MM components. The coupling could be

different base on the separability between QM and MM. If the QM and MM components

of the simulation are truly separable so that the total potential energy may be written as

V = VQM +VMM , the simulation is referred to as QM+MM. For a QM/MM simulation

there are couplings between the QM and MM components.

At the initiation of the simulation, pre-computed molecular orbitals or atomic orbital

(Hückel guess) are provided for the initial guess of the wave functions for the elec-

tronic structure calculation to start the self-consistent field calculation[50]. The former

approach would allow the chemical system to have certain properties such as charge

distribution and molecular orbit characters. During the propagation of the trajectory,

the initial guess of the wave function for the electronic structure calculation is firstly

obtained from the optimized wave function for the geometry in the previous trajectory

integration point. This feature helps the direct dynamics simulations with VENUS to be

adiabatic[51], which means the chemical system remains on the potential energy surface

of a single electronic state. It is assumed that the geometry change of the chemical

system after one integration is small and the character of the wave functions for this two

geometries are similar. Another advantage of ”passing the molecular orbitals from the

previous step”, is to improve the efficiency of the self-consistent field calculation, since

it starts from a guess that is very close to the optimized wavefunction. However, if the

trajectory is in the vicinity of an avoided crossing between the potential energy surfaces

of different electronic states, the nature of the wave function for the trajectory’s PES

may change appreciably and the wave function for the previous trajectory step may not

be a good initial guess for the current wave function. The phenomena of this situation

are usually:

1. Self-consistent field calculation does not converge

2. Ab initio potential energy is very different from that of last trajectory point
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This problem is not straight forward to solve and general solutions to handle such situ-

ations are:

1. Increase the number of SCF iterations to obtain convergence

2. Restart the trajectories a few steps before where it failed, decrease the integration

step size

3. Change the initial guess, e.g. to Hückel guess.

However, there is still no guarantee that the trajectory will remain on single electronic

state and it is always important to keep track of the ab intio potential energies and the

character of molecular orbitals to confirm the simulation is adiabatic.

2.2 General NWChem external interface

NWChem[46] is a high performance computational chemistry code that has extensive

functionality in QM (both Gaussian[50] and pseudopotential basis sets[52]), MM and

QM/MM. and it has also incorporated different statistical methods, such as molecu-

lar dynamics and Monte Carlo[53]. However, NWChem does not have the functions

to perform direct dynamics, therefore compiling with the general classical trajectory

simulation program, VENUS, is a very valuable application. NWChem is based on

a non-uniform memory access (NUMA) parallelization model that is provided by the

Global Array (GA)[54] toolkit based on the aggregate remote memory copy interface

(ARMCI)[55]. It allows several of the QM methods to scale to petascale computations

in an efficient manner. The current version of VENUS/NWChem does not allow direct

dynamics simulation perform with all the functionality in NWChem, which would re-

quire integrating complex topology files for the NWChem input with the VENUS input

and this has not been done. For example, electrostatic embedding[56] is not included in

the QM/MM simulations is not included and it is of interest to integrate this function-

ality in NWChem into VENUS/NWChem in the future.
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A general interface to basic functionality has been built into NWChem, which was ini-

tially designed for the coupling with VENUS and the use of NWChem in the Common

Component Architecture (CCA) project[57]. Since the general interfaces have been de-

scribed elsewhere[58], only a brief description of the interface routines related to this

work will be provided here:

1. net init : Initializing the parallel environment of NWChem and passing back the

number of processes and the current process’ identity (myid, a number from 0 to

the number of processes minus one) to VENUS. This is needed since VENUS does

not have a parallel environment of its own.

2. initialize qm : Initializes the rest of the NWChem computational environment.

It includes the runtime database (rtdb), the memory to be used, and the details

for the atomic system to be computed, which are the level of theory (for example,

HF, SCF, DFT, MP2, etc.), SCF options (convergence threshold, iteration limit,

etc.), initial molecular orbital guess (built-in guess as Huckel or pre-computed

guess to assure the trajectory remains in a specific electronic state), basis sets,

number of atoms, Cartesian coordinates, labels for the atoms, overall charge of

the chemical system, the level of output to be printed to the output and the

memory requirements.

3. net final : Finalizing the parallel environment. VENUS would decide if more QM

calculations are still needed based on the current status of the trajectory.

4. finalize qm : Deallocating memory and closes the rtdb, effectively stopping the

QM code from running unless a new initialize qm is called.

5. net broadcast : Allowing VENUS to use the GA functionality of NWChem to

broadcast information within VENUS.

6. evaluateObjective : Inputting a set of Cartesian coordinates and outputting an ab

initio energy.

7. evaluateGradient : Inputting a set of Cartesian coordinates and outputting an ab

initio energy gradient.
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8. evaluateObjectiveAndGradient : Inputting a set of Cartesian coordinates and

outputting an ab initio energy and its gradient.

9. evaluateHessian : Inputting a set of Cartesian coordinates and outputting an ab

initio energy Hessian.

The first five routines include new routines or modified routines due to the specific needs

and the last four routines are general NWChem subroutines.

2.3 The VENUS/NWCHEM interface

Three design goals were hold during the development of the VENUS/NWChem interface

to make the coupling flexible and useful:

1. The interface needs to have as little interference as possible with the core code of

both VENUS and NWChem.

2. VENUS remains sequential codes (design goal 1) and uses NWChem parallelly.

3. VENUS should be able to use any QM code in addition to NWChem, which

requires VENUS does not directly call NWChem, but instead, a VENUS interface.

This interface could be generalized for any QM code (for semi-classical trajectory

simulation) or for no QM code (for a classical trajectory simulation).

VENUS is the code that propagates the direct dynamics trajectories and, therefore, is

the program that drives the overall execution of VENUS/NWChem. VENUS code runs

only on the process has 0 identity (myid=0, master node), broadcasts information to the

other processes, and uses the other processes only when a QM computation is required.

Figure 2.2 shows the execution of the VENUS/NWChem coupled software schemati-

cally:

The VENUS parallel init subroutine is called as the first executable line to set up the

parallel environment using the net init routine of NWChem to return the identifier of
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Figure 2.2: Schematic representation of the execution of VENUS/NWChem. The
light blue background represents processes that are running and the light gray back-
ground represents processes that are waiting. The subroutines are in italic (black for
those running on the master node and red for those running on the children nodes).
Functions of the interface are in bold (when all the nodes run together) or normal (when

only the master node runs).

the process (myid) and the total number of processes (nprocs). Then VENUS proceeds

to initialize arrays and parameters. All process are involved in the initialization, however

only the master process (myid=0) reads the VENUS input file, which was accomplished

by an if–then construct that checks if myid = 0 during the reading of the input file.

This setting avoids the parallel reading which is time consuming and could possibly

cause errors. VENUS input file describes whether simulations would require QM cal-

culation and variable NMO will be set to greater than 0 for those calculations which

need QM methods. At the end of the if–then, the VENUS routine broadcast data is

called by all processes to broadcast NMO from the master process to the rest of the

processes. broadcast data will call the NWChem interface function net broadcast to

broadcast quantum calculation information (e.g. theory type and basis set), which is a

synchronization of all processes to let them ”be aware of” the QM calculation and none

of the processes will continue until all of the processes have executed the broadcast.

Then all the non-master processes (myid6=0) call VENUS parallel loop, which is an infi-

nite loop with a call to VENUS parallel idop inside of it. The later is the routine where
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the processes waiting for the command (idop) from master to perform QM calculations.

During the setting of the non-master processes (myid6=0), the master process setups the

computation for VENUS. At the end of this setup, VENUS would have enough infor-

mation to initialize QM calculation and VENUS parallel idop is called by the master

process to ”catch up” with other processes. By then, an operation identification (idop)

would have already been provided by the master node which identifies what type of

operation all of the processes are required to perform. The current options for idop are

given in Table 2.1 which also includes the mapping of the idop value to a computational

operation:

Idop is 1 for the first VENUS parallel idop execution to initialize the QM code.

Table 2.1: Mapping of idop to a computational operation and the VENUS and
NWChem routines.

idop Computation VENUS Routine NWChem Routine

1 QM Intialization VENUS QM init initialize qm
2 Gradient VENUS QM gradient evaluateGradient
3 Energy and Gradient VENUS QM gradient energy evaluateObjectiveAndGradient
4 Energy VENUS QM energy evaluateObjective
5 QM Finalization VENUS parallel final finalize qm and net final
6 Hessian VENUS QM hessian evaluateHessian

VENUS QM init (the generalized interface to VENUS for the initialization of QM soft-

ware) is called which will in turn call the NWChem initialize qm routine. After all the

processes have been initialized, the master goes back into the VENUS code execution,

while others wait in the broadcast in VENUS parallel idop. This execution-wait mode

of operation is continued for all processes except the master process until the QM final-

ization is called. VENUS on the master process will make the decision of the type of

calculations that is needed, such as energy, its gradient or Hessian, for the integration of

the trajectory. For example, with the energy gradient (and/or Hessian) from NWChem,

VENUS is able to integrate the trajectory and calculate an ”update” geometry, which

would be passed to NWChem calculation and start over the procedure again. This prop-

agation of trajectory is carried out through VENUS parallel idop with idop = 3 (and/or

6). The energy gradient (and/or Hessian) evaluation takes most of the computation

time, therefore it is important to choose an electronic structure theory would represent
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the chemical system accurately with feasible computational demand.

After each integration step trajectory in master process, VENUS would decide whether

to terminate the simulation by

1. The number of integration of the trajectory has reached a maximum number of

integration steps.

2. The geometry of the reactive system has attained a certain criterion.

Once the trajectory is complete, the master will send idop with a value of 5 and all of the

processes will call VENUS parallel final which in turn will call NWChem’s finalize qm

and net final to clean up NWChem’s environment. After the analyses of trajectory, all

processes stop execution and allocated memory can be released. The above description

of the VENUS/NWChem interface is shown schematically in Figure 2.2.

2.4 Summary

The parallelism with VENUS/NWChem arises from the parallel computing already im-

plemented in NWChem and VENUS remains unparalleled. Most of the direct dynamics

simulations included in this dissertation are carried out using VENUS/NWChem pack-

age and an article describing the interface has been published on Computer Physics

Communications on 2014[48]. The program is either available through Hase-Research

Website. or Computer Physics Communications.

VENUS/NWChem is still under development and the latest version could be found at

Hase-Research Website, which is able to study liquid phase chemical reaction dynamics

with solute treated using ab initio calculation and solvent using molecular mechanism.

Overall, VENUS/NWChem enables a wide variety of direct chemical dynamics simu-

lations to: interpret experimental results and understand the atomic-level dynamics of

chemical reactions; illustrate the ability of classical simulations to correctly interpret

and predict chemical dynamics, when quantum effects are expected to be unimportant;
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obtain the correct classical dynamics predicted by an electronic structure theory; ac-

quire a deeper understanding of when statistical theories are valid for predicting the

mechanisms and rates of chemical reactions; and discover new reaction pathways and

chemical dynamics[48].

20



Texas Tech University, Rui Sun, Dec 2014

Chapter 3

1,2-Dioxetane Formation and

Decomposition via the Singlet

·O-O-CH2-CH2· Biradical

3.1 Introduction

Extensive researches have been performed on the dynamics and kinetics of molecu-

lar oxygen reacts with hydrocarbons[59, 60], which plays an important role in both

atmospheric[61] and combustion chemistry[62]. The reaction of ground state oxygen

molecule, 3O2, with small unsaturated hydrocarbons, ethylene and/or propene, has

been studied both experimentally[63] and theoretically[64]. The excited state of oxygen

molecule, 1O2, is about 22.5 kcal/mol[65] higher in energy than its ground state and

could be also an important oxidizer in the combustion reaction[66]. The excitation and

relaxation of oxygen molecule is possible for systems with high energies, therefore both

3O2 + C2H4 and 1O2 + C2H4 need to be studies to understand the chemical process

completely.

There are much more theoretical studies[59, 64, 67] of 3O2 and 1O2 with C2H4 than
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experiments. A large number of reaction pathways on the singlet and triplet poten-

tial energy surfaces were found, and the reaction dynamics is complicated by numerous

singlet-triplet interactions[64, 67]. One important and possibly dominant reaction path-

way is:

3O2 + C2H4 → ·OOCH2CH2· (3.1)

due to the low potential energy barriers. The triplet biradical product, ·O–O–CH2–CH2·,

may access much lower reaction pathways via a triplet-singlet transition, which under-

goes ring-closure via a transition state and forms 1,2-dioxetane[67].

The thermal decomposition of 1,2-dioxetane is of particular interest because of the chemi-

luminescence and there have been numerous investigations of the mechanism for this

process since the early 1970s[68–72]. Reaction energetics and rate data for different 1,2-

dioxetane derivatives are available as a result of numerous experimental studies[71, 72].

However, this chemiluminescence reaction is very complicated and the precise nature of

the mechanism is still somewhat uncertain. Theoretical studies predicts the existence

of a biradical intermediate in the decomposition pathway, ·O-CH2-CH2-O·, which con-

nects both O-O bond cleavage transition state (first step dissociation) and C-C bond

cleavage transition state (second step dissociation). It is also suggested that a transi-

tion from S0 to S1 or T1 occurs near the transition state for the O-O bond cleavage

or near the biradical intermediate. However, the potential energy surface (position

of intermediate and electronic state transition (conical intersection[73]), barrier hight

for the transition states) shows large dependence on the level of theory that was em-

ployed for the ab initio studies[68–70]. For example, MP2/6-31G*//MCSCF/4-31G

level of theory[68] predicts 2.0 kcal/mol to be the activation energy of ring opening re-

action of 1,2-dioxetane to produce the biradical intermediate ·O-CH2-CH2-O·, which is

17.6 and 24.1 kcal/mol from CASPT2(12,10)//CASSCF(12,10)/6-31+G*[69] and MS-

CASPT2(12,10)/ANO-RCC[70], respectively.

Direct dynamics simulations were performed at unrestricted B3LYP/6-31G* level of

theory[74, 75] to study the activation and decomposition of 1,2-dioxetane. The trajec-

tories were on the singlet electronic state and started at the transition state connecting
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·O–O–CH2–CH2· and 1,2-dioxetane. The initial velocities of the trajectories were ran-

domly sampled along the reaction coordinates, therefore about half of the trajectories

was directed to ·O-O-CH2-CH2· and formed 1O2 + C2H4 as final products. For those

trajectories which formed 1,2-dioxetane and further decomposed to formaldehydes, the

average lifetime of 1,2-dioxetane was determined and compared with the value predicted

by Rice–Ramsperger–Kassel–Marcus (RRKM) theory[19]. It is worthy noticing that

the current direct dynamics simulation were performed on the ground state singlet S0

potential energy surface in the absence of possible transitions to the excited S1 or T1

electronic states. In fact, the transition between S0, S1 or T1 electronic states could play

an important role in this particular reaction and one approach for the future simulations

would be initializing the trajectories at the conical intersections, therefore the trajec-

tories would follow reaction paths which are on different electronic states. However, to

realize this simulation would need further program development of VENUS/NWChem.

3.2 Electronic structure calculations and potential energy

surface

The basic idea of direct dynamics simulations have been discussed previous in Chapter

II. In general, an accurate and inexpensive electronic structure method needs to be se-

lected to make the simulation correct and feasible. Experimental results such as heat

of formation and geometries are preferred to be used as benchmark values to compare

with the theoretical calculation, however, for those chemical system whose experimental

values is not well-defined, like in the research presented here, the results from high-level

CASSCF[76, 77] and MRMP2[78] calculations were treated as benchmarks.

The potential energy surface of O2 + C2H4 reaction has been investigated recently by

Park et al.[67]. CASSCF/aug-cc-pVDZ level of theory[79] was used to characterize struc-

tures and vibrational frequencies, and then MRMP2(12,12)/aug-cc-pVDZ single point

energies were calculated at these CASSCF geometries. Park et al.[67] reported the opti-

mize geometries and relative potential energies of 1O2 + C2H4 separated reactants (SR);
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the transition state (TSa) connecting SR with the ·O–O–CH2–CH2· biradical interme-

diate; ·O–O–CH2–CH2· biradical intermediate (IM1-s); the transition states (TSb) con-

necting IM1-s with 1,2-dioxetane, and 1,2-dioxetane (DO). In the research presented in

this dissertation, unrestricted second-order Moller–Plesset (UMP2)[80] and unrestricted

B3LYP (UB3LYP)[74] density functional theory, with basis sets ranging from 6-31G* to

6-311++G**[75, 81] were employed to optimized the structure for the critical points and

the results are compared with the previous MRMP2 calculations[67]. The structures of

TSa, IM1-s, TSb, and DO are depicted in Figure 3.1, and the geometries and relative

energies are compared in Table 3.1 and Table 3.2, respectively.

The UB3LYP energies are in fairly good agreement with those given by the

Figure 3.1: UB3LYP//6-31G* optimized structures of TSa, IM1-s, TSb, and DO for
the singlet potential energy surface. Bond distances and angles are in units of angstroms
and degrees, respectively. The lower values are obtained from CASSCF/aug-cc-pVDZ

theory[67]
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MRMP2(12,12)//CASSCF(12,12)/aug-ccpVDZ method. The UB3LYP/6-31G* relative

energies, with respect to DO, are 47.9 and 37.5 kcal/mol for TSb and IM1-s, respectively,

which are only slightly higher than the respective MRMP2(12,12) values of 44.6 and 36.5

kcal/mol reported by Park et al.[67]. These energies are reported to be 48.1 and 40.0

kcal/mol using the CAS-MCSCF(10,10)/6-31G* method[82]. As shown in Table 3.1, the

UB3LYP energies are independent of the size of the basis set. The energy barrier from

IM1-s to TSb increases from 10.4 to 11.0 kcal/mol as the basis set size increases from

6-31G* to 6-311++G**, which is in qualitative agreement with the MRMP2 benchmark

barrier is 8.1 kcal/mol. However, unrestricted MP2 level of theory did not represent

the system correctly with all the basis sets that have been tested. Starting from TSb,

the trajectories could undergo ”backward” reaction and forms 1O2 + C2H4 instead of

forming DO. It is worthy noting that the MRMP2 1O2 + C2H4 energy is substantially

higher than those predicted UB3LYP, which arises in part from the difficulty of these

latter theory to correctly describe the electronic structure of 1O2. However, the transi-

tion state which connects the reactant, 1O2 + C2H4, and IM-s, is well represented by

UB3LYP level of theory.

Although predicting shorter bond lengths, the UB3LYP geometries are in overall good

agreement with those from the CASSCF/aug-cc-pVDZ calculations. One of the most

important internal coordinate along addition of oxygen molecule is the O1O2C3C4 di-

hedral angle, which are 98.9, 96.3, 40.5, and 10.3 degree for TSa, IM1-s, TSb and DO,

respectively. These respective values are only 3.9, 5.6, 7.3, and 1.9 degree less than those

given by the CASSCF calculation (shown in Figure 3.1).

Of interest in this study are the dynamics from TSb to form 1,2-dioxetane and the sin-

glet biradical. UB3LYP gives good energies for these processes, making it acceptable

for the direct dynamics simulations. The UB3LYP/6-31G* potential energies along the

SR→ TSa→ IM1-s→ TSb→ DO reaction path are depicted in Figure 3.2, where they

are compared with the MRMP2//CASSCF/aug-cc-pVDZ energies.

As discussed in the previous section, 1,2-dioxetane has a dissociation path to two

formaldehyde molecules on the singlet PES. To understand this decomposition process,

intrinsic reaction coordinate[83] (IRC) calculation was performed at UB3LYP/6-31G*
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Figure 3.2: Depiction of the UB3LYP/6-31G* energies (kcal/mol), green, for
1O2 + C2H4, transition state TSa, the ·O-O-CH2–CH2· biradical intermediate IM1-
s, transition state TSb, and 1,2-dioxetane. The lower energies, blue, are the

MRMP2//CASSCF/aug-cc-pVDZ values[67].

Table 3.1: Comparison of IM1-s, TSb, and DO structures with different electronic
structure methods. Distances are in angstroms and angles in degrees.

IM1-s (Biradical Intermediate)

Bond Length Angle Dihedral
O1O2 O2C3 C3C4 O1C4 O1O2C3 O1C3C4 O1O2C3C4 O1O2C3H7

UB3LYP/6-31G* 1.318 1.493 1.475 3.136 111.7 108.6 96.3 26.4
UB3LYP/6-311++G** 1.313 1.495 1.473 3.155 112.5 108.4 97.9 24.8
UMP2/6-31G* 1.31 1.472 1.48 2.984 110.2 109.8 82.8 40.6
UMP2/6-311++G** 1.338 1.497 1.507 3.178 110.9 106.6 100.8 21.4
CASSCF/aug-cc-pVDZ 1.337 1.498 1.506 3.189 111 106.5 101.9 20.3

TSb (Transition State)
Bond Length Angle Dihedral

O1O2 O2C3 C3C4 O1C4 O1O2C3 O1C3C4 O1O2C3C4 O1O2C3H7

UB3LYP/6-31G* 1.384 1.441 1.502 2.206 99.6 101.6 40.5 78.3
UB3LYP/6-311++G** 1.383 1.441 1.5 2.208 100 101.5 40.1 78.7
UMP2/6-31G* 1.313 1.473 1.481 2.897 110.3 111.5 70.5 53.4
UMP2/6-311++G** 1.298 1.467 1.483 2.885 111.2 111.7 68.6 55.3
CASSCF/aug-cc-pVDZ 1.391 1.464 1.53 2.355 100 102.9 47.8 71.5

DO (Dioxetane)
Bond Length Angle Dihedral

O1O2 O2C3 C3C4 O1C4 O1O2C3 O1C3C4 O1O2C3C4 O1O2C3H7

UB3LYP/6-31G* 1.492 1.452 1.52 1.451 89 90.1 10.3 102.8
UB3LYP/6-311++G** 1.488 1.454 1.519 1.453 88.9 88.7 12 100.4
UMP2/6-31G* 1.52 1.458 1.509 1.458 88.2 88.6 18.4 93
UMP2/6-311++G** 1.502 1.452 1.511 1.452 88.4 88 19.7 91.3
CASSCF/aug-cc-pVDZ 1.521 1.473 1.537 1.473 89.6 89 12.2 99.8
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Table 3.2: Relative stationary point energies for the 1O2 + C2H4 → TSb pathway.
Energies are in kcal/mol and with respect to dioxetane (DO). MRMP2 and CASSCF

results are calculated with the aug-cc-pVDZ basis set in Reference[67].

SR TSa IM1-s TSb DO

UB3LYP/6-31G* 19.3 41.1 37.5 47.9 0.00
UB3LYP/6-31G** 18.7 40.8 37.3 47.7 0.00
UB3LYP/6-31G*+ 18.0 40.1 36.3 46.8 0.00
UB3LYP/6-31G**+ 17.2 39.7 36.0 46.6 0.00
UB3LYP/6-31G**++ 17.3 39.7 36.0 46.5 0.00
UB3LYP/6-311G**++ 14.0 38.0 35.0 46.0 0.00
UMP2/6-31G* 21.4 71.4 51.5 52.3 0.00
UMP2/6-31G** 22.0 71.1 51.5 53.9 0.00
UMP2/6-31G*+ 22.3 71.1 51.3 52.2 0.00
UMP2/6-31G**+ 11.4 60.4 40.8 41.8 0.00
UMP2/6-31G**++ 11.5 60.5 40.9 41.8 0.00
UMP2/6-311G**++ 6.7 56.4 37.4 38.2 0.00
SPMRMP2(8,8) 37.9 37.9 44.8 0.0
SPMRMP2(12,12) 36.8 42.9 36.5 44.6 0.0
CASSCF(8,8) 53.6 54.9 0.0
CASSCF(12,12) 27.9 56.7 45.8 53.0 0.0

level of theory and the results are shown in Figure 3.4. The IRC shows a two-step de-

composition which is made up with two transition states (TS1 and TS2) and one gauche

·O-CH2-CH2-O·minimum along this pathway. The structures of the two transition states

TS1 and TS2 are decipted in Figure 3.3. The UB3LYP/6-31G* 0 K activation energy

for 1,2-dioxetane dissociation (TS1) is 20.9 kcal/mol and changes to 18.5 kcal/mol with

a zero-point energy (ZPE) correction included, which is in approximate agreement but

somewhat lower than the value of 22.7 ± 0.8 kcal/mol measured by Adam and Baader

at 333 K[84]. Other theoretical studies also show a similar two-step dissociation, for ex-

ample, CASPT2(12,10)//CASSCF(12,10)/6-31+G*[85] level of theory predicted similar

structures of TS1 and TS2 and 0 K activation energy for 1,2-dioxetane dissociation is

17.6 kcal/mol (16.3 kcal/mol with ZPE correction); MS-CASPT2(12,10)/ANO-RCC[70]

level of theory located TS1 and found it to be 24.1 kcal/mol higher than the DO min-

imum. An summary of electronic structure calculations of stationary point structures

and energies for the DO → 2H2CO dissociation pathway is in Table 3.3. UB3LYP/6-

31G* theory gives an overall acceptable representation of the pathway for dissociation

of DO to formaldehyde.
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Figure 3.3: UB3LYP/6-31G* optimized structure of the two transition states (TS1
and TS2) for dioxetane dissociation to two formaldehyde molecules. Bond distances

and dihedral angles are in units of angstroms and degrees.

3.3 Classical trajectory direct dynamics simulation

3.3.1 Initial Conditions of Trajectories

The direct dynamics simulations is started at the TSb and the trajectories could be inte-

grated towards both directions, i.e. forming 1,2-dioxetane or 1O2 + C2H4. By initiating

the trajectories at transition states, proper vibrational energy for the transition states

are enforced and the efficiency of the direct dynamics simulation is enhanced. If the

trajectories were initiated at intermediate (i.e. IM1-s in this case), the chemical system

would not have the proper vibrational energy conditions as they crossed transition states

and substantial integration time would be used to propagate the motion from interme-

diate to the transition states. Canonical sampling was applied to TSb for temperatures
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Table 3.3: Relative stationary point energies for the 1,2-dioxetane→ 2H2CO pathway.
Distances are in angstrom, angles are in degree and energies are in kcal/mol. The
energies of the stationary points are relative energies respect to 1,2-dioxetane. MS-
CASPT2(12,10) and CASPT2(12,10) results are from Ref. [70] and [85], respectivley.

The experimental result is from Ref. [84]

Property

Theory C-C O-O twist angle Energy
DO

B3LYP/6-31G* 1.521 1.492 10.3 0
CASSCF(12,12)/aug-cc-pVDZ 1.537 1.521 12.2 0

MS-CASPT2(12,10)//CASSCF/ANO-RCC 1.529 1.578 15.4 0
MS-CASPT2(12,10)/ANO-RCC 1.511 1.510 16.8 0

CASPT2(12,10)//CASSCF(12,10)/6-31+G* 1.538 1.554 9.0 0
Experiment - - - 0

TS1
B3LYP/6-31G* 1.519 2.011 29.5 20.9

MS-CASPT2(12,10)//CASSCF/ANO-RCC 1.536 2.262 37.1 23.5
MS-CASPT2(12,10)/ANO-RCC 1.510 2.288 43.1 24.1

CASPT2(12,10)//CASSCF(12,10)/6-31+G* 1.533 2.118 33.0 17.6
Experiment - - - 22.7 ± 0.8

O-CH2CH2-O
B3LYP/6-31G* 1.546 2.965 62.4 8.9

MS-CASPT2(12,10)//CASSCF/ANO-RCC 1.546 3.016 68.3 17.9
MS-CASPT2(12,10)/ANO-RCC - - - -

CASPT2(12,10)//CASSCF(12,10)/6-31+G* 1.560 2.933 76.0 13.4
TS2

B3LYP/6-31G* 1.596 2.956 64.7 9.2
MS-CASPT2(12,10)//CASSCF/ANO-RCC - - - -

MS-CASPT2(12,10)/ANO-RCC - - - -
CASPT2(12,10)//CASSCF(12,10)/6-31+G* 1.632 2.922 73.0 13.4

T of 300, 1000, and 1500 K, which assumes that transition state theory (TST) is valid

for the IM1-s → 1,2-dioxetane kinetics. The vibrational energies for the normal modes

are sampled from a Boltzmann distribution at with respect to temperature, which is

realized in VENUS[43, 44] by using the probability distribution:

P (ni) = exp(−nihvi/kbTvib)[1− exp(−hvi/kbTvib)] (3.2)

in which ni and vi denote the quantum number and vibrational frequency in the ith

mode. The reaction coordinate translational energy was sampled with average value

of RT[14]. The rotational energy is also sampled from a thermal distribution for a

symmetric top[86]. The integration time step is 0.3 fs and the integration method is

velocity-Verlet[23]. Each trajectory was integrated for a maximum time of 4.5 ps and
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Figure 3.4: UB3LYP/6-31G* potential energy along the IRC for dissociation of diox-
etane.

the average energy fluctuation is 0.3, 0.6, and 0.7 kcal/mol for the simulations at 300,

1000, and 1500 K, respectively. These fluctuations are less than 1% of the total energy.

3.3.2 1,2-Dioxetane Dissociation Rate from RRKM Theory

Since there is a well-defined transition state for the dissociation of 1,2-dioxetane, it

is of interest to compute the average lifetime of 1,2-dioxetane using RRKM theories

and compare it with the lifetime predicted by trajectory simulations. Based on the

initial sampling which has been discussed previously, the total energy for 1,2-dioxetane

decomposing to two formaldehyde molecules is computed as:

< EDO(T ) >=< Evib
TSb(T ) > +RT + 3RT/2 + ∆V (3.3)

in which ∆V is the potential energy release from TSb to 1,2-dioxetane; RT and 3RT/2

is the average energy of reaction coordinate translational energy and rotational energy,
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respectively.

Both classical and quantum RRKM calculations were performed. For classical calcula-

tion, the < Evib
TSb(T ) > is:

< Evib
TSb(T ) >=< Ethermal

vib,TSb (T ) > +ZPE(TSb) (3.4)

and ∆ V is the classical potential energy release:

∆V = V c(TSb)− V c(DO) (3.5)

in which V c is the classical energy obtained from electronic structure calculation. For

quantum calculation, < Evib
TSb(T ) > and V need to be computed with quantum mecha-

nism:

< Evib
TSb(T ) >=< Ethermal

vib,TSb (T ) > (3.6)

∆V = V c(TSb) + ZPE(TSb)− (V c(DO) + ZPE(DO)) (3.7)

The classical values of <EDO(T)> are 86.2, 101.6, and 117.0 kcal/mol, for the simulation

temperatures of 300, 1000, and 1500 K, respectively. The respective quantum values of

E are 47.2, 62.6, and 78.1 kcal/mol.

The RRKM rate constant k(E,J) is given by[19]:

k(E, J) = N ‡(E, J)/hρ(E, J) (3.8)

in which N ‡(E, J) is the number of states for transition states (TS1 in the dissociation

of 1,2-dioxetane) and ρ(E, J) is the density of state for 1,2-dioxetane. This RRKM rate

constant is the microcanonical rate constant for the average energy of the ensemble of

trajectories and may be compared with the direct dynamics trajectory rate constant

for dioxetane decomposition. The classical barrier for 1,2-dioxetane dissociation is 20.9

kcal/mol, with respect to the quantum value of 18.5 kcal/mol. The simulation was

adiabatic therefore angular momentum is conserved in going from TSb to 1,2-dioxetane.

The angular momenta quantum number J is the value for the average rotational energy
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3RT/2 of TSb, with values of 33, 60, and 73, for 300, 1000 and 1500 K, respectively. The

K quantum number (projection of J onto the z-axis) is assumed to be a non-conserved

and an active degree of freedom[19]. This calculation was done using a general RRKM

computer program[87]. The classical RRKM rate constants are 3.0*1011, 6.4*1011, and

1.1*1012 s−1, for the simulation temperatures of 300, 1000, and 1500 K, respectively. The

corresponding quantum values are 1.7*1011, 4.7*1011, and 9.5*1011 s−1. The differences

between classical and quantum RRKM rate constant are expected and they become the

smaller at higher energy.

3.4 Simulation Results

600, 200, and 250 trajectories were calculated with T of 300, 1000, and 1500 K, respec-

tively. As dicussed before, the trajectories were randomly propagated from the transition

state connecting 1,2-dioxetane and IM1-s, therefore the simulation should show roughly

half-half portion for both reaction paths and such behaviour has been observed in Table

3.4.

Table 3.4: Fractional yields of trajectories initiated at TSb. The fractions denote
the final state of the trajectories. The numbers in parentheses are the fractions of

trajectories which form 1O2 + C2H4 and did not form the IM1-s intermediate.

Temp(K) C2H4 + O2 Dioxetane 2 H2CO

300 0.492(0.192) 0.505 0.003
1000 0.510(0.184) 0.475 0.015
1500 0.448(0.184) 0.468 0.084

3.4.1 Barrier Recrossing Dynamics

The barrier recrossing[88, 89] is overall not important in this chemical system. Very small

fraction (about 1%) of the trajectories initially directed towards IM1-s underwent barrier

recrossing from IM1-s to 1,2-dioxetane and none of the trajectories initially directed

towards 1,2-dioxetane recrossed TSb. Figure 3.5 depicts O1-C4, O2-C3, and O1-O2

bond lengths versus time for three representative barrier recrossing trajectories. The
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distance between the two radical terminals O1 and C4 increases corresponding to the

rotation of O-O group and it forms IM1-s. After trapping in the IM1-s intermediate,

the trajectory then crosses TSb, undergoing ring closure and forming 1,2-dioxetane.

Figure 3.5: Time-dependencies of the O1-C4 (red), O2-C3 (black), and O1-O2 (green)
bond lengths for three barrier recrossing representative trajectories. Three figures rep-

resent trajectory of T at 300, 1000, and 1500 K (from top to bottom).

3.4.2 Dynamics of Trajectories Forming 1O2+C2H4

As discussed previous, most of the trajectories (99%) initially directed towards IM1-s

did not recross the barrier and all of them form 1O2 + C2H4 during the 4.5 ps integra-

tion time. The statistical model for the reaction assumes the formation of IM1-s and

then dissociates with a rate constant given by RRKM theory. Using the same RRKM

methodology as in the dissociation of 1,2-dioxetane, at T of 300, 1000 and 1500K, the

classical RRKM lifetimes of IM1-s are 200, 137, and 108 fs and the quantum RRKM

lifetimes are 394, 171, and 119 fs. It is well known that a reactive system may pass

through or by a potential energy minimum without forming an intermediate, and as
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shown in Table 3.4 and Figure 3.6, a large fraction of trajectories forming 1O2 + C2H4

do not form the IM1-s intermediate, which is highly non-statistical and non-RRKM. The

Figure 3.6: Time-dependencies of the O1-C4 (red), O2-C3 (black), and O1-O2(green)
bond lengths for two representative trajectories which are initialized towards IM1-s.
The the trajectory in top figure shows the formation of IM-s and the bottom depicts

1O2 dissociate from C2H4 directly.

average lifetime of the IM1-s which are formed is 457, 214, and 164 fs for the respective

temperatures of 300, 1000, and 1500 K. The quantum RRKM lifetimes are in better

agreement with the trajectory lifetimes than the classical RRKM lifetimes, suggesting

that the short time dynamics is vibrationally adiabatic[88].

3.4.3 Formation and Dissociation of 1,2-Dioxetane

Table 3.4 shows that the dissociation of 1,2-dioxetane to two formaldehyde molecular

is fairly rare: the dissociation ratio of 1,2-dioxetane molecule is 0.6%, 3.1% and 15.2%

for T of 300, 1000 and 1500K, respectively. The trajectory unimolecular decomposition

rate constant could be computed as:

N(tDO)/N(0) = exp(−ktDO) (3.9)

in which N(0) is the number of the trajectories that form 1,2-dioxetane and N(tDO) is

the number of the trajectories still trapping in 1,2-dioxetane after it has been formed
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for time tDO.

tDO = tmax − δt (3.10)

tDO is less than the total integration time 4.5 ps (tmax) by the time for trajectories

to reach the DO potential energy minimum from TSb. The dissociation rate constant

computed using the equation above are 1.5*109, 7.0*109, and 3.7*1010 s−1 for T of 300,

1000, and 1500 K, respectively. These values are about one to two orders of magnitude

smaller than the classical and quantum RRKM rate constant.

The apparent conclusion is that RRKM theory predicts substantially more dissociation

of DO than found from the trajectories simulations. Even though zero-point energy

effects and anharmonic effects would contribute to the differences between the rate con-

stants from the simulations and from RRKM theory, however, the significant differences

still seems to be unusual. It is also worthy noting that there is no trajectories that shows

recrossing of TS1 or TS2, or trapping in the phase space between TS1 and TS2 (please

see Figure3.4). Therefore, the non-RRKM dissociation of 1,2-dioxetane apparently arises

from non-statistical intramolecular vibrational dynamics within the 1,2-dioxetane phase

space.

A general approach for non-RRKM dissociation is two study a plot of N(t)/N(0) versus

time[90]. Only the simulations at 1500K have enough number of the dissociation tra-

jectories to make this plot and it is shown in Figure 3.7. As can be seen N(t)/N(0) is

highly non-exponential and it may be fit by a sum of exponentials, i.e.,

N(tDO)/N(0) =

n∑
i=1

fiexp(−kit) (3.11)

n=2 will fit the simulations points fairly well and the results are depicted in Figure 3.7,

with the fitting parameters f1 = 0.110 and f2 = 0.890, with k1 = 1.17*1012 s−1 and k2

= 1.03*1012 s−1. It is really interesting to notice that the rate constant for f1, even

though with a fraction of only 11%, that is, k1 is in overall good agreement with the

respective classical and quantum RRKM values of 1.1*1012 s−1 and 9.5*1011 s−1. There-

fore, the dissociation of initial ensemble of trajectories agrees with RRKM prediction
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Figure 3.7: Plot of N(t)/N(0) versus the simulation time for the vibrational motion
of dioxetane for the simulations at 1500 K. Dioxetane dissociation is defined when the
trajectory reaches TS1. The solid points are the results from the simulations. The solid
line is the exponential prediction of RRKM theory with the rate constant of 3.7*1010

s−1 determined by tmax. The dashed line is a two exponential fit defined by Eq. 3.11

quite well but the rest 89%, has a rate constant two orders of magnitude smaller. Ap-

parently there is a bottleneck[91] for intramolecular vibrational energy redistribution[92]

within 1,2-dioxetane, which prevents the vibrational energy from other modes to transfer

to the translation energy of reaction coordinates. Therefore, after those 1,2-dioxetane

molecule holding a ”proper” vibrational energy dissociates, there is not enough molecules

from other regions of the phase space to ”convert” to the ”proper” molecular through

intramolecular vibrational energy redistribution and the dissociation rate deceased dra-

matically. However, the detailed reason for this inconsistency is still unclear and quan-

titative analyze is needed.
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3.4.4 Reaction Mechanism of Dissociation of 1,2-Dioxetane

As shown in Fig 3.4, UB3LYP/6-31G* level of theory predicts two-step dissociation

mechanism, which includes the transition state (TS1) of O-O bond rupture with the

barrier height of ∼20 kcal/mol, the C—C bond rupture transition state (TS2) with al-

most non-barrier, and an biradical minimum structure ·O-CH2-CH2-O· between these

two barriers. 1,2-dioxetane forms after ring close reaction from TSb and the O-O, C-O,

C-C bond is slightly stretched than the optimized structure. By tracking the internal

coordinates versus time for the dissociating trajectories, C3C4 bond is found to cleavage

∼20fs after the O1O2 bond dissociates (as comparison, the vibrational periods for the

O-O, C-O, and C-C stretching modes of dioxetane are ∼25-40 fs), with the most of

dihedral angles of O1O2C3C4 for the dissociation ranging from 30 to 40 degree. Overall

there is no evidence that the trajectories recrossed TS1 or trapped at intermediate ·O-

CH2-CH2-O· (potential energy minimum), therefore the trajectories did not follow the

IRC described above.

3.5 Summary

For the work presented here direct dynamics simulation was employed to study the ki-

netics and dynamics of unimolecular reaction initiated from the singlet transition state

·O-O-CH2-CH2· (TSb), which could form 1,2-dioxetane through ring closure and further

decompose to two formaldehyde molecules, or C-O bond breaks to from 1O2 and C2H4.

Stationary points have been studies using UB3LYP and UMP2 with various basis set

and the results are compared with higher level calculations using MRMP2 and CASSCF

theory[67]. UB3LYP has a much better agreement than UMP2 does and it also shows

independences to the size of the basis sets that have been tested. Therefore UB3LYP/6-

31G* was chosen for the dynamics simulations. The vibrational, rotational and reaction

coordinate translational energy of TSb was thermal sampled 300, 1000, and 1500 K and

the trajectories were integrated for 4.5 ps. About 40% trajectories which form 1O2 and
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C2H4 did not trapped in the intermediate, ·O–O–CH2–CH2· (IM1-s). The formation of

1,2-dioxetane is another pathway from the TSb and it composites to two formaldehyde

molecules with a rate constant 1-2 orders of magnitude smaller than that predicted by

classical and quantum RRKM theory. The phenomena indicates that there is bottle-

neck for intramolecular vibrational energy redistribution between dioxetane’s vibrational

modes. The dissociation dynamics for dioxetane to the formaldehyde molecules is also

non-statistical without following the IRC or trapping in the intermediate between TS1

and TS2.

The most striking fact in this chemical system is how slow the intramolecular vibrational

energy redistribution in 1,2-dioxetane. The molecule itself is expected to be robust and

unaffected by non-adiabatic transitions between the S0 ground state and the S1 and T1

excited states, because the location of conical intersections for those transitions are in

the transition states regions for the dissociation. It should be noted that molozonide,

which also has a similar near planar closed ring structure as dioxetane and non-RRKM

dynamics were also found for its dissociation[93]. In the future work, it is of interests to

investigate whether the closed ring structure stabilize the molecues.

The research presented in this chapter has been published at the The Journal of Chemical

Physics 2012, 137, 044305; with co-authors of Theresa Windus (Iowa State University),

Wibe de Jong(Pacific Northwest National Laboratory), Kyoyeon Park, Hans Lischka

and William Hase (Texas Tech University).
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Chapter 4

Direct Dynamics Simulation of

the Activation and Dissociation of

1,5-Dinitrobiuret (HDNB)

4.1 Introduction

Certain room-temperature ionic liquids exhibit hypergolic activity, which involves a

spontaneous ignition process of bipropellants (fuel-oxidizer) mixtures at ambient tem-

perature and pressure[94]. Figeure 4.1 shows this hypergolic process by releasing a fuel

drop from a syringe into the oxidizer.

Ionic liquids are very effecient fuels and have been used for high power propulsion ap-

plication such as the motors for the rocket[95].

Ionic liquids also have other advantages such as low vapor pressure, high energy density,

and high solubility in many polar solvents. [96] There have been numbers of research on

the properties of ionic liquid chemistry in the past decade[97–99], which have provided

detailed information for finding the best ionic liquid candidates for hypergolic ignition.

Within ionic liquids family, dicyanamide has one of the lowest viscosities and also is fuel-

rich anion[100]. The former in essential because bipropellant systems, pumps transport
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Figure 4.1: A fuel drop is released from a syringe into the oxidizer.

fuel and oxidizer, and therefore, excessive viscosity must be avoided. Dicyanamide could

undergo hypergolic reactions with white fuming nitric acid and the experiments could

be found at Schneider et al.[94]. Later on Chambreau et al.[101] studies dicyanamide

reacting with nitric acid using fast Fourier transform infrared spectroscopy. By tracking

products infrared spectrum, N2O, CO2, and HNCO are detected and a corresponding

mechanism is proposed in Figure 4.2. Because of the symmetry of dicyanamide, the

Figure 4.2: Reaction mechanism of dicyanamide reacting with nitric acid[101]
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addition reactions of nitric acid to dicyanamide is a two-step reaction and an intermedi-

ate, 1,5-dinitrobiuret (HDNB), is formed from the association of a proton H+ with the

DNB− anion. The structures of the DNB− anion and the HDNB molecule are shown in

Figure 4.3.

The isolated HDNB molecule was first synthesized in 1898 and its thermal decomposition

process has been studied using mass spectrometry and infrared spectroscopy to identify

the gaseous products[102]. HDNB starts to decompose at 90◦C and the undergoes three

steps decomposition to form N2O, CO2, H2O and HNCO[102].

It is of interest to understand the detailed reaction kinetics and dynamics of these

Figure 4.3: Structures of the DNB− anion and the HDNB molecule.

hypergolic reactions, however, these reactions are highly exothermic, heterogeneous and

vigorous, with highly reactive intermediates, and are difficult to probe experimentally.

Therefore theoretical studies could be important in investigating the chemical system
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and providing insights of this reaction. Liu et al.[103] studied the thermal decomposi-

tion of HDNB molecule using direct dynamics simulations. The HDNB molecules are

sampled using Boltzmann distribution at T of 4000, 5000 and 6000 K and the decompo-

sition pathways after 4.5 ps are shown in Figure 4.4 The reaction pathway result from the

Figure 4.4: Five Principal Decomposition Pathways Observed in the Temperature-
Dependent Direct Dynamics Simulation of HDNB Decompostion.[103]

simulation agrees with the experiments qualitatively. Decomposition products such as

N2O, H2O and HNCO are detected but the simulation also predicts some pathways and

products which were not found by the experiment[103]. In the research presented in this

chapter, instead of exciting HDNB molecule in a random manner (thermal excitation),

the HDNB molecule was excited by the association of H+ and DNB− and the ensuing

unimolecular decomposition of the molecule is then investigated. In this approach, the

HDNB molecule is non-randomly excited and the association of H+ and DNB− release

324 kcal/mol energy which is similar energy as the thermal decomposition at 4000K. The

N-N, N-C, and N-O bond energies are 38.2, 72.9, and 48.0 kcal/mol, respectively (data

were obtained from NIST website), therefore multiple bond ruptures are expected. It is

of interest to investigate the difference in dynamics and kinetics as a result of different

excitation.
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4.2 Computational Methodology

4.2.1 Electronic Structure Calculations and Potential Energy Surface

Izgorodina et al.[104] examined the performance of a range of local and hybrid density

functional theory in calculating ion-pair binding energies of pyrrolidinium-based ionic

liquids, which has shown that density functional theory in general provides trustful re-

sults for ionic liquids. An accuracy and inexpensive electronic structure theory method

is need for the direct dynamics simulations, therefore further testing calculations have

been carried out using MP2 and different density functionals such as B3LYP[74], M05-

2X[105], BHandH[106], PBE0[107], BLYP[108], B1B95[109], X3LYP[110], SVWN5[111],

and B3-PW91[112]. Four different basis sets, 6-31++G**[113], 6-311++G**[81], aug-

cc-pvdz[114], and aug-cc-pvtz[115], are employed in this calculation to test the size

dependence of basis set and try to choose a small basis set which represent the system

accurately. CCSD(T)[116] single-point calculations were performed based on optimized

geometries obtained at corresponding theories as benchmark energy values. Since the

number of atoms in actually reactive system, H+ and DNB− association, is fairly large,

therefore a representative system of hydrogen and nitrogen association, N(CN)−2 + H+

→ HN(CN)2 and N(CN)−2 + H+ → (NC)N(CNH), was employed for those testing cal-

culations. Table 4.1 gives the results obtained from these calculations.

The energies are quite similar for the different functionals in density functional theories

and CCSD(T) predicts more exothermic reaction than density functional theories do.

Overall the density functional theories calculations show independence of the size of

basis set and agrees with CCSD(T) calculation reasonably well. After considering both

accuracy and efficiency, M05-2X/6-31++G** level of theory was chosen to perform the

dynamics simulations with.

As has been discussed before, the goal of this work is to excite HDNB molecular non-

randomly by the association of proton H+ with the DNB− anion. However, besides

singlet proton H+ with the DNB− anion, there are two other electronic state, H− with

the DNB+ cation and H· with the DNB·, with similar geometries. The former configu-

ration is also a singlet and the later configuration is made up from two doublet radical
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Table 4.1: N(CN)−2 + H+ association energies for different levels of theory. The
numbers in parentheses are the energies from CCSD(T)/aug-cc-pVTZ at the geome-
try corresponding to the level of theory. The energy for B3LYP/6-31+G** is -302.8
kcal/mol for N(CN)−2 + H+ → HN(CN)2 and 310.4 kcal/mol for N(CN)−2 + H+ →

(NC)N(CNH), adapted from ref [101]

Basis Set

Method 6-31++G** 6-311++G** aug-cc-pVDZ aug-cc-pVTZ
N(CN)−2 + H+ → HN(CN)2

B3LYP -302.9 -302.7 (-315.4) -302.1 -303.3 (-315.4)
M05-2X -302.9 -301.3 (-315.3) -301.5 -303.6
BHandH -302 -301.8 -300.9 -302.3

PBE0 -303.2 -303.1 -302.4 -303.6
BLYP -300.6 -300.6 -300.1 -301.2
B1B95 -303.8 -303.7 -303 -304.4
X3LYP -289.3 -302.4 -301.7 -303
SVWN5 -293.4 -292.9 -292.8 -293.7

B3-PW91 -303.3 -303.1 -302.5 -303.8
MP2 -306.3 -306.7 (-315.3) -302.8 -304.3 (-315.4)

N(CN)−2 + H+ → (NC)N(CNH)
B3LYP -308.5 -308.2 (-314.4) -307.5 -310.0 (-314.5)
M05-2X -304.7 -303.4 (-313.8) -303.7 -310.5
BHandH -304.7 -304.9 -303.8 -306.3

PBE0 -308.8 -308.8 -308.1 -310.5
BLYP -308.8 -308.6 -307.9 -310.4
B1B95 -309.2 -309 -308.3 -310.8
X3LYP -294.7 -307.7 -306.9 -309.4
SVWN5 -306.6 -305.7 -305.1 -307.2

B3-PW91 -309.8 -309.7 -309.1 -311.5
MP2 -303.9 -304.2 (-314.1) -301.3 -306.2 (-314.4)

but could also be singlet. The relative energies of H− + DNB+, H+ + DNB−, and H·

+ DNB· calculated with M05-2x/6-31++G** theory, are depicted in Figure 4.5. As has

been described in Chapter 2, the direct dynamics simulations that were performed using

VENUS/NWChem[48] are adiabatic which mean the trajectory would stay on single

electronic state and there is no interstate surface hopping. Unfortunately, among the

three states to start with (H− + DNB+, H+ + DNB−, and H· + DNB·), H· + DNB·

has the lowest energy, therefore due to the capability of single reference method(i.e.

density functional theories and MP2)[50], NWChem would optimize the coefficients of

the molecular orbitals which corresponds to H· + DNB· during the initial sampling of
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Figure 4.5: Energies for the H− + DNB+, H+ + DNB−, and H· + DNB· singlet
electronic states and the H· + DNB· → HDNB potential energy curve, which was
modelled by scaling the H· + ·N(CH3)2 potential energy curve by the relative H· +

DNB· and H· + ·N(CH3)2 association energies.

the trajectory. Even though VENUS/NWChem[48] is able to read in the pre-optimized

molecular orbitals corresponding to H+ + DNB−, they still get messed up during the

finite difference calculation for the Hessian matrix in the initial sampling, and outputs

a state with energy between H· + DNB· and H+ + DNB−, which is non-physical. To

make sure that M05-2X/6-31++G** performs correctly along the association, a po-

tential energy scan was done starting from the optimized structure of HN(CH3)2 and

then the H-N bond was stretched. The association energy for H· and ·N(CN)2 is 100.1

kcal/mol and the potential energy curve are smooth during the H-N bond stretching,

which is depicted in 4.5 by scaling the H· + ·N(CN)2 potential energy curve by the

relative ratio of H· + DNB· and H· + ·N(CH3)2 association energies to make the curve

connect with H· + DNB·. In reality, there is an electronic nonadiabatic transition from

the potential energy surface for H+ + DNB− to that for H· + DNB· → HDNB but the

detail of this transition are not considered here. In this simulation, the trajectories are
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initiated on the H· + DNB· and it is assumed that the excess energy from H+ + DNB−

to H· + DNB· is transferred to relative translational energy during the association. As

shown in Figure 4.5, the potential energy release from H+ + DNB− to HDNB complex

is 323.5 kcal/mol and numbers of bond dissociation are expected especially for such a

large molecule. Open-shell M05-2X/6-31++G** calculations are needed to correctly

represent those possible radical or biradical structures.

4.2.2 Trajectory Initial Conditions

The simulations were initiated as H· + DNB·, and the potential energy released from

H+ + DNB− to H· + DNB·, (i.e., 198.8 kcal/mol) was assumed to be the relative trans-

lational energy. Those translational energy will transfer to potentials if HDNB molecule

was formed, therefore HDNB molecule will be highly excited particularly the H-N bond.

H· + DNB· collide colinearly (impact parameter is zero) and the initial separation be-

tween H and center of mass of DNB is 10 angstrom. The collision could happen in

any direction by rotating DNB molecule about its Euler angles. The vibrational and

rotational temperature of DNB is 298 K, and quasi-classical Boltzmann sampling[14]

was used to select the vibrational and rotational energies.

Velocity Verlet[23] and sixth-order symplectic[22] algorithms have been tested for the

integration of trajectories with time steps of 2.5, 1.0, 0.5, 0.1, and 0.05 fs. Velocity

Verlet overall shows a better convergence than sixth-order symplectic algorithm and 0.5

fs was chosen as integration time step after consideration of both energy conservation

and computational cost. However, the integration time step needs to be smaller for some

of the trajectories because the energy in the system is fairly high and the geometries

changes dramatically between each integration, especially before the collision when hy-

drogen atom is holding all the translational energies. The wavefunction from previous

point might fail as initial guess for ab initio calculations in these particular cases and

those trajectories need to restart from a few steps before the failure point and propagate

with a much smaller integration time step. Another important feature of adiabatic sim-

ulation is that the potential energy from quantum simulation should be smooth along
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trajectories and it has been checked to ensure the trajectories remaining in the same

electronic state. A total number of 300 trajectories have been calculated and were halted

at 1 ps or if two dissociation products were separated by more than 10 angstroms.

4.2.3 HDNB Conformers and Their Potential Energy Surface

It is worth noting that researches have shown that HDNB has many potential energy

minimums corresponding to the isomerization reaction. Figure 4.6 shows that HDNB

may exist in a C2, Cs, or twisted conformation, with the Cs conformer being the most

stable. The twisted conformation locates between C2 and Cs conformer in reaction

Figure 4.6: Reaction coordinate for interconversion of various HDNB conformers
and subsequent dissociation paths of the Cs conformer. Energies of complexes, tran-
sition states, and products, relative to the Cs conformer, are derived from B3LYP/6-

31++G(d,p) results, including zero-point energies.

coordinates map and connects with them through two transition states, which indicates

the interconversion from C2 to Cs undergoes two-step reaction by rotating two C-N

bonds attached to the same C atom. Following the intrinsic reaction coordinate would be

HDNB(C2)→ TS(C2-twisted)→ HDNB(twisted)→ TS(twisted-Cs)→ HDNB(Cs). For
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the simulation presented here, the total energy (more than 300 kcal/mol) is much higher

than the isomerization barriers (∼10 kcal/mol) therefore the isomerization reaction are

expected to happen. However, as shown later, the association of H· + DNB· happens in

a very short time scale and the skeleton of optimized DNB· is twisted, and, therefore, the

initially formed HDNB molecule has a structure similar to the HDNB(twisted) structure

in Figure 4.6. This sampling leads to an important difference between our simulations

and Liu et al., in which the HDNB molecule was sampled according to Boltzmann

distribution with temperature of 4000-6000 K. the HDNB molecule is vigorously excited

due to the high temperature. Consequently, for the thermal, statistical decomposition

HDNB should be best treated as a mixture of the three different conformers.

4.3 Simulation Result

Eight different reaction pathways were found for the 300 trajectories. Six of the most

important pathways are identified in Figure 4.7 and the remaining two are discussed

below. Molecular structures of HDNB and its decomposition products, observed in the

trajectories, are depicted in Figure 4.8. Only four of the eight paths have percentage

yields greater than 2% and the remaining four have percentages of 1% or less

.

4.3.1 Path 1, H· + DNB·

200/300 trajectories directly scattered back to the H· + DNB· reactants. As discussed

before, the H atom was initially separated from the center of mass of DNB molecule

(roughly on the center N atom) by 10 angstrom and then DNB was randomly oriented.

The atomic motion animations show the H atom collides with DNB and scatters away.

For 59% of these trajectories, the H-atom collided with the central N-atom of DNB, but

for each, there was no H-N bond formation or vibration of the H-N bond. Therefore, the

collision was defined as the time when distance between H and center N of DNB start to

increase. The average times requires the H· to collide at DNB· is 23.68 ± 1.85 fs. After
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Figure 4.7: Direct Dynamics Trajectory Simulation Results for H· + DNB· Collisons
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Figure 4.8: Molecular structures of HDNB and its decomposition products.

collision, the average time required for H· to scatter off from DNB· for 10 angstrom is

62.56 ± 13.77. Therefore, there is substantial energy transfer from the initial H· + DNB·

relative translational energy to the DNB· vibrational and rotational energy during the

collision.

For those 200 trajectories, the final relative translational energies distributed from 1.34

to 177.6 kcal/mol, with the average value of 59.96 ± 32.42 kcal/mol. As a comparison,

the initial relative translational energy of the trajectories is 198.6 kcal/mol. The relative

translational energy distribution histogram was depicted in Figure 4.9. As can be seen,

most of the trajectories show that more than 80 kcal/mol translational energy has been

transferred to the rotational and vibrational energy of DNB, therefore decomposition of

DNB is expected for some of the trajectories if they are integrated for a longer period

of time.
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Figure 4.9: Translational energy (kcal/mol) distribution for the scattered H· + DNB·
reactants for path 1

4.3.2 Path 2, H2N2O2 + O2NNHCONCO

78/300 trajectories result in N3-C1/N2-C2 bond scission (see Figure 4.8). The trajec-

tories are halted when the distance between the dissociating N and C atoms are larger

than 10 angstroms. Instead of scattering off of the DNB molecule as for path 1, the

colliding H-atom interacts strongly with the central O1, O2, and N1 atoms of DNB.

The HDNB molecule is highly excited since all the translational energy of H has been

transferred into the ro-vibrational energy and potential energy of the HDNB molecule.

The H-atom is initially delocalized and moves among these atoms, with frequent isomer-

izations of the HDNB molecule. During intramolecular vibrational energy redistribution

(IVR) of this HDNB excitation energy, one of the C-N-N-O2 chains “wags” toward the

center of the molecule, and the “hot” H-atom attaches to either one of the N-atoms of

this chain or one of the terminal O-atoms. Then the dissociation of N3-C1/N2-C2 bond

happens and leads to H2NNO2 or HNNOOH pathways. As discussed above, the N-C

bond dissociation was defined as the bond length exceed 4 Å. With this definition, the

51



Texas Tech University, Rui Sun, Dec 2014

time for these 78 trajectories to form the products ranges from 92 to 598.5 fs with the

average value of 166.2 ± 98.5 fs.

The H2N2O2 molecule is highly excited after dissociation and the conformation changes

between structures H2NNO2 and HNNOOH has been frequently observed. Therefore,

it is of interest to investigate the dynamics of this highly excited H2N2O2 molecule and

these 78 trajectories were restarted and ran until 1 ps. 39.7% trajectories further dissoci-

ated and the products involves NNO + H2O (25.6%), 2*HNO (3.8%), H2 + N2O2 (2.6%),

N2 + H2O2 (2.6%), HNO2 + HN (2.6%) and OH + N2OH (1.3%), H2 + N2 + O2 (1.3%).

The structures for those products are depicted in Figure 4.8. There were no further dis-

sociation reactions happening for the other dissociation product (O2NNHCONCO) for

all the trajectories.

4.3.3 Path 3, HDNB

8/300 trajectories form HDNB molecule and did not dissociate within the maximum

simulation time (1ps). All of the reactant H· + DNB· relative translational energy is

initially localized in the vicinity of the binding H-atom, which undergoes multiple iso-

merization reactions, transferring between the central N1 atom and the adjacent O1

and O2 atoms.The frequencies of this isomerization reactions decreases as the simula-

tion went on, replaced by the rotation of the NO2 group at the far ends of HDNB and

the wagging of the skeleton of HDNB molecule. These dynamics illustrate the transfer of

vibrational energy from the initially excited binding H-atom to other vibrational modes

of the molecule. The optimized structure of DNB· is twisted, and the collision happens

within a very short time. therefore, the initially formed HDNB molecule has a structure

similar to the HDNB(twisted) structure in Figure 4.6. Numerous enusing HDNB(C2)

↔ HDNB(twisted) ↔ HDNB(Cs) conformer transitions are observed through the cor-

responding transition states.
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4.3.4 Other Reaction Pathways

H + HN2O2 + O2NNHCONCO: There are 5/300 trajectories result in this path-

way which showns N3-C1/N2-C2 bond dissociates simultaneously as the incoming H

scattering off from DNB molecule. 4 out of 5 trajectories shows H atom collides almost

vertically at the center N atom but there is one interesting trajectory show that H atom

comes in parallel with DNB and collides with O atoms at one end, then keep moving

toward the other end of DNB molecule and depart from DNB. The N-C bond (closer to

the initial collision O atom) dissociation happens within the same time region and form

HN2O2.

N2O + H2O + O2NNHCONCO: There are 3 trajectories dissociate to NNO, H2O

and O2NNHCONCO and the dynamics show that the incoming H atom form H-O bond

to oxygen atoms of the NO2 group within 35 fs. The HOONN- group is highly excited

and the O atom in -OH will attract another H atom on the skeleton of HDNB molecule

and form N2O and H2O.

HN2O2 + O2NNHCONHCO: 3/300 trajectories followed this pathway, which is

similar to path 2. As for path 2, the incoming H-atom first strongly interacts with the

middle N-atom and the two adjacent O-atoms, before attaching to an O-atom of the

terminal -NO2 group. However, when N-C scission occurs, the H-atom of the N-H group

attaches to the O-atom of this scission, and HN2O2 is formed instead of H2N2O2 for

path 2.

H2O + O2NNHCONCNNO2: Only 1 trajectory follows this pathway. The incoming

H atom forms H-N and H-O bonds (due to the isomerization) after collision. Instead of

transferring to the end -NNO2 group, it stays localized in the center of DNB skeleton

by forming the OH bond with the O atom (O1 or O2). Then the O atom will attract

another H atom in the adjacent N-H and form H2O molecule.

HNCO + HOONNHCONNO2: 1/300 trajectory forms the products HNCO and

HOONNHCONNO2. After the formation of HDNB molecule, the incoming H atom

stays at the center N atom instead of moving to the far end -NO2 group. During the

wagging of the -NNO2, the N1-C1 bond and N3-N4 bond scissions happen at the same
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time to form HNCO. Then the N atom of -NO2 at the far end forms a new N- N bond

with N1 atom and the incoming H atom will transfer to the O atom of -NO2.

4.4 Comparison to Previous Dynamics Simulations

It is of interest to compare the current direct dynamics simulations with those reported

previously by Liu et al.[103]. These two simulations have different initial conditions for

dissociation of HDNB, which are summerized below:

• The ionic liquid is fully thermally equilibrated Liu et al.[103]. The quantum num-

ber ni of ith HDNB vibrational mode is sampled using the quantum Boltzmann

probability distribution:

P (ni) = exp(
−nihvi
kBT

)[1− exp (

−
kBThvi)] (4.1)

where vi is the vibrational frequency of the ith mode and T is the HDNB temper-

ature. Rotational energy was added by sampling the classical Boltzmann distri-

bution. In contract, the current study considers a possible initiation step, before

thermal equilibrium is attained, for which a proton associates with the DNB− an-

ion, that is, a highly nonequilibrium process forming an excited HDNB molecule

with a nonrandom and nonthermal vibrational energy distribution.

• The electronic structure theory methods were used for the two simulation studies

are different. Liu et al.[103] used restricted B3LYP/6-31G* for their simulations,

while the current simulations were performed with open-shell M05-2X/6-31++G**

theory. The latter calculation employed a larger number of basis function and

unrestricted methods, therefore it is expected to have a better representation of

the bond dissociation in the system.

There are both similarities and differences between the two simulations. The simulations

were performed for temperatures of 4000, 5000, and 6000 K, for which the average HDNB
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energies above the HDNB zero-point energy level (i.e., 62 kcal/mol) are 294, 379, and

464 kcal/mol, respectively. The total energy in the current simulation is 330 kcal/mol

above the DNB· zero-point energy of 58 kcal/mol. With zero-point energies included,

the respective average energies of the 4000, 5000, and 6000 K simulations are 92, 114,

and 136% of that for our simulation of H+ + DNB− association. Thus, overall, the

two simulation studies have similar total energies. Path 2 from our simulations is a

combination of the second and third path in Liu’s work. For the current study, 26%

of the trajectories followed this pathway, while for the work of Liu et al.[103] 36, 19,

and 11% trajectories followed this pathway at 4000, 5000, and 6000 K, respectively.

The most dominating pathway in Liu’s work (more than 35% for all 3 temperatures),

HN2O2 + 2 HNCO + NO2, has not been found in our simulations. In addition, the forth

and fifth paths found by Liu et al. were not observed in the current study, and paths

4-6 for the current study were not found by Liu et al. It is obvious that neither H· +

DNB· association or the intramolecular vibrational energy redistribution of the HNDB

molecule has located the energy in the same manner as thermal excitation in Liu et

al.[103] and the nature of HDNB excitation, has a pronounced effect on its unimolecular

dissociation dynamics.

Figure 4.6 shows the potential energy surface of the HDNB conformers and there are

differences in the dynamics of isomerization reactions between those conformers. With

random sampling of the HDNB initial conditions, there are statistical sampling of the

HDNB conformers before reaction occurs for the thermal simulations. However, for the

H· + DNB· association dynamics studied here, there is no such statistical sampling of

the HDNB conformers and only for the trajectories that form a HDNB intermediate,

that does not react within the 1 ps trajectory simulations, are there transitions between

the HDNB conformers.

4.5 Summary

Eight reaction pathways are found in a direct dynamics simulation modeling H+ +

DNB− collisions. The assocation of H+ + DNB− is modeled by assuming an electronic
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transition from the H+ + DNB− to H· + ·DNB PES and simulating the collisions on

this latter surface. 2/3 of the trajectories, are non-reactive which mean the H-atom

directly scatters off of from ·DNB without forming a excited HDNB molecule. For most

of these trajectories, an insufficient amount of the H· + ·DNB relative translational en-

ergy is transferred to ·DNB vibrational energy to form a vibrationally excited HDNB

molecule. Another way to view these dynamics is that there is insufficient IVR from the

incipient H-DNB bond of the H· + ·DNB collision to other vibrational modes, and the

H· atom directly scatters from ·DNB. The rest 1/3 trajectories form HDNB molecules

and most of them dissociates during the 1ps simulation time. About 80% of the reactive

trajectories followed path 2 in Figure 4.7, forming the H2N2O2 product, which has an

isomerization pathway to HNNOOH. This molecule is highly excited from the collision

(it includes the incoming hydrogen atom) and may undergo further different secondary

dissociations. This pathway was also found to be an important pathway for HDNB

thermal dissociation in a previous direct dynamics simulation by Liu et al.[103].

As a summary, the comparison of the current results with the previous study by Liu

et al.[103] shows that the initial conditions for the excited HDNB moiety are crucial

for its ensuing unimolecular dynamics. H+ + DNB− association localizes the energy

in HDNB, creating a “hot spot”, and IVR is not sufficiently rapid to transfer the vi-

brational energy among modes before reaction happens therefore it did not give the

unimolecular dynamics found by Liu et al.[103] for their random, thermal initial condi-

tions. For this previous simulation, there were rapid statistical, interconversions between

all of the HDNB conformers before unimolecular dissociation occurred. In future work,

it would be of interest to study both the random and nonrandom excitation of HDNB

in a condensed-phase liquid environment.

The research presented in this chapter has been published at the Journal of Physical

Chemstry A 2014, 118, 2228; with co-authors Matthew Siebert (Missouri State Univer-

sity), Steven Chambreau, Ghanshyan Vaghjiani (Air Force Research Laboratory), Jianbo

Liu(Queens College), Lai Xu, Hans Lischka and William Hase (Texas Tech University).
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Chapter 5

The F− + CH3I → FCH3 + I−

entrance channel potential energy

surface. Comparison of electronic

structure methods

5.1 Introduction

The traditional potential energy surface (PES) for a X− + CH3Y → XCH3 + Y−

SN2 reaction has an ion-dipole X−—CH3Y pre-reaction complex, a [X–CH3–Y]− cen-

tral barrier, and an ion-dipole XCH3—Y− post-reaction complex.[35, 117–120] If X and

Y are halogen-atoms, these structures have C3V symmetry for the traditional PES. Non-

traditional PESs without C3V symmetry are found if the X− and/or Y− nucleophiles are

not halide ions.[119, 121, 122] An example is the OH− + CH3F SN2 reaction which has

a traditional OH−—CH3F pre-reaction complex, but for the CH3OH—F− post-reaction

complex F− is hydrogen-bonded to the -OH moiety.[122]

In recent work,[123] different electronic structure theories and basis sets were used to

investigate the PES for the F− + CH3I → FCH3 + I− SN2 reaction. The theoretical
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methods included second order MP2[80], DFT[124] with the OPBE[125], OLYP[126],

HCTH407[127], BhandH[106], and B97-1[128] functionals, and the coupled-cluster method

with single and double excitations and perturbed triple excitations, i.e. CCSD(T)[116],

for single point calculations. Both the aug-cc-pVDZ[79] and aug-cc-pVTZ[115], double-

and triple-zeta basis sets were used, along with pseudo potentials and augmented basis

sets for the I-atom.[123] Of particular interest is that MP2 and DFT give different forms

of the entrance-channel PES for this reaction, as shown in Figure 5.1. For the DFT/B97-

1/ECP/d PES there are only a hydrogen-bonded F−—HCH2I pre-reaction complex and

a hydrogen-bonded [F–HCH2–I]− transition state. In contrast, the MP2/ECP/t PES

has these stationary point structures as well as the traditional F−—CH3I ion-dipole

complex and [F–CH3–I]− TS, both with C3V structures. The DFT PES and energetics

in Figure 5.1 are from the B97-1 functional, but other DFT functionals give similar

results.[123] Only the BhandH functional, and only with the double-zeta basis set, did

a DFT theory give a PES somewhat akin to that found with MP2.

In this previous study,[123] single-point CCSD(T)/complete basis set extrapolation (CBS)

calculations were performed to assess the accuracy of the MP2 and DFT calculations

of the entrance channel stationary points for the F− + CH3I → FCH3 + I− PES. The

MP2 potential energy curve, connecting the MP2 C3V F−—CH3I complex and C3V

[F–CH3–I]− TS, was calculated. The resulting MP2/PP/d barrier from the complex

to the TS is 2.5 kJ/mol. In contrast to this MP2 barrier, the CCSD(T)/CBS single

point calculations give an energy for the MP2 TS which is 0.8 kJ/mol lower in energy

than the MP2 complex. Hence, the CCSD(T) single point calculations suggest the C3V

[F–CH3–I]− TS structure is not a stationary point on the actual PES.

In the work presented here the CCSD(T) theory is employed to investigate the entrance

channel of the F− + CH3I → FCH3 + I− PES. CCSD(T), with different basis sets, is

used to optimize structures for stationary points in the entrance channel, including TSs.

Section II describes the computational methodology and the results of the calculations

are presented in Section III. The article concludes with a Summary.
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Figure 5.1: Potential energy curves and stationary points for the MP2/ECP/t, B97-
1/ECP/d and CCSD(T)/PP/t PESs for the F− + CH3I → FCH3 + I− reaction. The
energies in kJ/mol are relative to the reactants, and are at 0 K and do not include
ZPEs. The experimental enthalpy of reaction at 0 K corrected to remove ZPEs is in

parentheses
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5.2 Computational Methodology

CCSD(T) theory was employed to determine accurate stationary point properties for the

reactants, pre-reaction complexes, transition states, and products on the F− + CH3I →

FCH3 + I− potential energy surface. Three basis sets, called ECP/d, PP/d, and PP/t

were used in the calculations. Those basis sets were adapted from previous work[123]

and will be presented here as well. The ECP/d basis set is the combination of Dunning

and Woon’s aug-cc-pVDZ basis set[79] for the C, H, and F atoms and the Wadt and

Hay effective core potential[129] (ECP) for the core electrons, and a 3s, 3p basis sets

for the valence electrons, which were augmented by a d-polarization function with an

0.262 exponent, and s, p, and d diffuse functions with exponents of 0.034, 0.039, and

0.0873 for I.[130] For the PP/d and PP/t basis sets, the double-(d) and triple-(t) zeta

basis sets, aug-cc-pVDZ and aug-cc-pVTZ,[115] were used for the C, H, and F atoms.

However, the Peterson aug-cc-pVDZ and aug-cc-pVTZ basis sets, with a pseudopoten-

tial (PP)[52], were used for iodine. The only difference between ECP/d and PP/d is the

treatment of iodine. The ECP/d basis set is adapted from Wadt and Hay ECP[129],

which considers the outmost s and p orbitals as valence electrons (neglecting the 40 core

electrons) and derived from an all-electron numerical relativistic Hartree-Fock atomic

wavefunction and fit to an analytical representation for use in molecular calculations.

This basis set was further modified by Hu and Truhlar for the distortion of CH3I and

ion-dipole precursor complex,[130] with an augmented polarization function added. For

the PP/d basis set, the 28 inner-core electrons of iodine (1s-3d) are replaced by an

energy-consistent pseudopotential, which is optimized in a multiconfigurational Dirac-

Hartree-Fock calculation. Relativistic effects for iodine are considered in both ECP/d

and PP/d. The more recent PP/d basis set contains a larger number of basis functions

and therefore calculations with it are more computationally expensive.

Quasi-Newton optimization with line searches and an approximate energy Hessian up-

date algorithm were used for the geometry optimizations (energy minimum and transi-

tion state search).[131] As shown in Figure 5.1, the MP2/ECP/t entrance channel has

a very flat potential energy curve, with 4 stationary point structures with differences in
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potential energy of 20 kJ/mol or less. As illustrated in the reference [123], those sta-

tionary points have somewhat similar structure, therefore the initial (guess) geometries

for the stationary point calculations are crucial for the CCSD(T) optimizations. The

highest level of theory that has been employed in reference [123], MP2/PP/t, whose

geometries were used as the initial geometries in the CCSD(T) optimizations presented

in this research. Using the line search option guaranteed the geometry optimization

calculation ended within a very small region near the PES minimum.[132] Then the

optimization was restarted using a very small geometry variation trust radius and self-

consistent field convergence criteria. The CCSD(T) triple zeta basis set calculations

were very computationally expensive and the average cost for each geometry update,

during the optimization, was about 5 hours for a 240-core MPI machine (480 cores had

to be allocated for more memory demand). The computer program used for the work

presented here is NWChem (version 6.1).[46]

Figure 5.2: Molecular structures of potential energy minima and transition states for
the C3V and hydrogen-bonded entrance channel reaction paths for the F− + CH3I →

FCH3 + I− SN2 reaction.
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5.3 Results and Discussion

Figure 5.1 also shows the F− + CH3I entrance channel PES obtained from CCSD(T)

with the PP/t basis set. CCSD(T) gives a PES very similar to the MP2 PES.[123] In

particular, there is a hydrogen-bonded F−—HCH2I pre-reaction complex, a transition

state connecting this complex with the traditional C3V pre-reaction complex F−—CH3I,

and then a TS connecting this complex to C3V post-reaction complex FCH3—I−. Molec-

ular structures of the potential energy minima and transition states for both the C3V

and hydrogen-bonded entrance channels are depicted in Figure 5.2.

In Table 5.1, CCSD(T) energies for the PP/t, PP/d and ECP/d basis sets are com-

Table 5.1: CCSD(T) and MP2 stationary point energies for the F− + CH3I→ FCH3

+ I− reaction. Energies are in kJ/mol with respect to the F− + CH3I reactants, and
are at 0 K without zero point energies. Energies for the MP2 calculations are obtained
from Supporting Information in reference [123]. Experimental enthalpy of reaction at
0 K is corrected to remove zero-point energy, detailed explanation could be found in

text.

Basis Set Stationary Point

F−—HCH2I F−—CH3I [F–HCH2–I]− [F–CH3–I]− FCH3—I− CH3F + I−

MP2
ECP/d -79.1 -68.2 -66.1 -65.3 -208.8 -172.4
ECP/t -79.9 -65.7 -65 -56.5 -210.5 -175.3
PP/d -79.5 -69 -67.4 -66.5 -211.7 -174.9
PP/t -82 -69 -67.4 -63.6 -208.8 -171.1

CCSD(T)
ECP/d -82.2 -72.8 -69.8 - -214.0 -169.6
PP/d -82.6 -74.2 -71.0 -74.2 -217.7 -180.5
PP/t -81.4 -71.5 -69.4 -69.6 -214.2 -177.3
expt. -196.7

pared. Also included are the MP2 energies with the ECP/d, ECP/t, PP/d, and PP/t

basis sets. The CCSD(T)/PP/t energy barrier from the pre-reaction complex to the

transition state is 1.9 kJ/mol for the C3v channel and 12.0 kJ/mol for the hydrogen-

bonded channel. It is of interest to investigate the effect of the basis set size on the

PES. Therefore, similar CCSD(T) calculations were performed using the smaller basis

set (PP/d) with the same pseudopotential. CCSD(T)/PP/d gives a very similar PES to

that of CCSD(T)/PP/t. For example, the CCSD(T)/PP/t potential energy release from

reactants to pre-reaction complex, for the C3V and hydrogen-bonded reaction channel, is

71.5 and 81.4 kJ/mol, respectively. For comparison, the corresponding CCSD(T)/PP/d
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values are 74.2 and 82.6 kJ/mol. Also, CCSD(T)/PP/d yields a reaction barrier (from

pre-reaction complex to the corresponding transition state) only 1.9 and 0.4 kJ/mol

lower than the CCSD(T)/PP/t value for C3V and hydrogen-bonded pathways, respec-

tively.

The geometries of the CCSD(T) stationary points with the ECP/d, PP/d, and PP/t ba-

sis sets are give in Table 5.2, where they are compared with the MP2 geometries as well

as experimental geometries. The CCSD(T) ECP/d and PP/d geometries are very simi-

lar as found previously[123] for the MP2 calculations. The principal difference between

the geometries is that PP/t gives shorter bond lengths than PP/d does. A comparison

of MP2/ECP/d and MP2/ECP/t geometries gives the same result.[123] The MP2 and

CCSD(T) geometries are in overall good agreement with experiment.

The ECP/d double zeta basis set, which is similar to PP/d but with a different num-

ber of core electrons, was also used in CCSD(T) calculations to investigate the effect

of different core potentials. The CCSD(T)/ECP/d hydrogen-bonded entrance channel

is almost the same as that obtained from CCSD(T)/PP/t and CCSD(T)/PP/d. How-

ever, as for the C3V entrance channel, only the C3V pre-reaction complex was found

with CCSD(T)/ECP/d theory, the C3V transition state was not found. As reported

previously,[123] MP2 predicts both C3V and hydrogen-bonded reaction pathways with

the ECP/d, ECP/t, PP/d and PP/t basis sets. The MP2 PESs are overall independent

of the basis set, with the exception that MP2/ECP/t gives a higher barrier for the C3V

pathway. The PESs from MP2/ECP/d and MP2/PP/d have the best agreement with

CCSD(T)/PP/t. The relative energies for all the critical points (energy minima and

transition states) from those two levels of theory are only 3 kJ/mol higher than the val-

ues from CCSD(T)/PP/t. Considering the computational expense, MP2/ECP/d, with

the smallest number of basis functions, could serve as the electronic structure theory

method for future direct dynamic simulations.

The F− + CH3I → FCH3 + I− reaction is highly exothermic due to the strong binding

between fluorine and carbon atoms in the product molecule, CH3F. Using the latest

thermal chemistry data,[133–135] the heat of reaction for F− + CH3I → FCH3 + I− at

0 K is -189.74 ± 0.31 kJ/mol. The respective zero point energies for CH3I and CH3F
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Table 5.2: MP2 and CCSD(T) stationary point geometries for the F− + CH3I →
FCH3 + I− reaction. Bond distances are in angstroms and bond angles are in degrees.
Information for the MP2 calculations are obtained from Supporting Information in

reference [123].

Basis Set R(C-F) R(C-I) R(C-H) R(F-H) A(H-C-H) A(I-C-H)

F− + CH3I
ECP/d - 2.143(2.160) 1.094(1.098) - 108.0(107.7)
ECP/t - 2.112 1.079 - 108.3
PP/d - 2.149(2.166) b 1.095(1.099) - 111.3 107.7(107.6)
PP/t - 2.117(2.134) 1.080(1.085) - 111.2 107.9(107.7)
Exp.c - 2.132 1.084 - 107.7

F−—CH3I
ECP/d 2.433(2.339) 2.228(2.296) 1.088(1.089) 105.9(103.8)
ECP/t 2.489 2.167 1.074 107.6
PP/d 2.424(2.237) 2.234(2.355) 1.088(1.088) 2.279 116.1 105.8(101.5)
PP/t 2.419(2.383) 2.185(2.227) 1.074(1.708) 2.339 113.2 106.4(105.3)

[F–CH3–I]−

ECP/d 2.153(-) 2.375(-) 1.083(-) 99.5(-)
ECP/t 2.064 2.381 1.067 98
PP/d 2.150(2.230) 2.377(2.351) 1.083(1.088) 2.291 116.6 99.4(100.8)
PP/t 2.068(2.143) 2.371(2.366) 1.068(1.074) 2.232 117.3 98.1(99.5)

FCH3—I−

ECP/d 1.433(1.435) 3.585(3.573) 1.094(1.098) 71.5(70.8)
ECP/t 1.406 3.598 1.08 70.9
PP/d 1.433(1.437) 3.577(3.571) 1.094(1.099) 2.068 110.4 71.5(71.5)
PP/t 1.410(1.414) 3.522(3.549) 1.082(1.087) 2.044 110 71.1(70.8)

FCH3 + I−

ECP/d 1.407(1.409) - 1.097(1.102) -
ECP/t 1.382 - 1.083 -
PP/d 1.407(1.410) - 1.097(1.103) 2.045 110.6 -
PP/t 1.385(1.389) - 1.085(1.090) 2.022 110.2 -
Exp.c 1.382 - 1.095 -

Basis Set R(C-F) R(C-I) R(F-H1) R(C-H1) A(F-C-I) A(H2-C-H1)
F−—HCH2I

ECP/d 2.712(2.709) 2.169(2.193) 1.574(1.571) 1.147(1.147) 115.4(115.3) 113.2(113.6)
ECP/t 2.68 2.13 1.55 1.136 114.8 112.5
PP/d 2.711(2.708) 2.174(2.199) 1.574(1.571) 1.146(1.148) 115.7(115.8) 113.3(113.8)
PP/t 2.691(2.692) 2.135(2.159) 1.566(1.565) 1.133(1.138) 115.3(115.9) 112.8(113.2)

[F–HCH2–I]−

ECP/d 2.574(2.551) 2.195(2.225) 2.094(2.004) 1.092(1.095) 160.4(158.9) 111.0(111.6)
ECP/t 2.556 2.153 2.09 1.076 163.6 110.2
PP/d 2.568(2.557) 2.201(2.228) 2.045(1.998) 1.092(1.096) 160.4(158.4) 111.1(111.5)
PP/t 2.538(2.538) 2.161(2.184) 2.046(2.015) 1.078(1.083) 161.7(160.1) 110.7(111.1)
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from CCSD(T)/ECP/d after anharmonic corrections[136] are 95.29 and 102.23 kJ/mol,

respectively. The corresponding experimental values are 95.72 and 103.96 kJ/mol, from

work by Duncan et al.[137] and Law et al.[138] Therefore, the experimental heat of

formation at 0 K without zero point energy is -196.68 kJ/mol. Comparison of this

value with the heat of reaction from the CCSD(T) calculations in Table 5.1, shows that

the latter substantially underestimates the reaction exothermicity by about 20 kJ/mol.

The MP2 calculations predict similar result as CCSD(T) calculations did. It is possible

that the difference between the CCSD(T) and experimental heats of reaction may rise

from the incompleteness of the representation of the one particle basis and that of the n-

particle correlation treatment in the calculations. As shown in Figure 5.1, B97-1/ECP/d

from the previous work[123] gives a heat of formation of 195.4 kJ/mol and in excellent

agreement with experiment.

The inconsistency between CCSD(T)/PP/t calculation and experimental result is some-

what surprisingly large. Therefore, another experimentally well defined quantity, the

binding energy of FCH3 and I− was used to verify the level of theory that was used

in this research. The experimental FCH3 and I− binding energy has been previously

reported that complexation energies of X−—CH3Y (X, Y = F, Cl, Br and I) complexes

depend primarily on the identity of X− and to a much smaller extent on the identity

of Y in the CH3Y molecule.[139] Therefore the complexation energy of FCH3 and I−

should be similar to, but possibly somewhat smaller than, that for ICH3 and I−.[140]

The experimental binding energy (at 0 K) for ICH3 and I− was reported to be 35

kJ/mol,[123, 139, 140] which is only 2.3, 2.2 and 1.9 kJ/mol less than the FCH3 and

I− binding energy found from the CCSD(T) calculations with ECP/d, PP/d and PP/t,

respectively.

5.4 Summary

In the work presented here, properties of stationary points on the entrance channel PES

for the F− + CH3I → FCH3 + I− SN2 reaction were investigated by CCSD(T) theory

with different basis sets and effective core potentials. The CCSD(T) PES is found to be
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in very good agreement with the PES obtained previously from MP2 calculations,[123]

which contains both the traditional C3V and hydrogen-bonded reaction path. The ex-

perimental heat of reaction at 0 K without zero point energy is -196.68 kJ/mol and

about 20 kJ/mol lower than the result from the CCSD(T)/PP/t calculation. This

difference between experiment and calculation is substantial. In contrast, the calcu-

lated FCH3 and I− binding energy is in much better agreement with experiment. The

FCH3—I− and ICH3—I− complexation energies are expected to be quite similar.[139]

The CCSD(T)/PP/t value for the former is 36.9 kJ/mol and in good agreement with

the experimental value for the latter of 35 kJ/mol.[140] The MP2 binding energy is

nearly the same as that for CCSD(T).

An important feature of F− + CH3I→ FCH3 + I− reaction is the relatively flat entrance

channel PES. For the highest level of theory reported here, CCSD(T)/PP/t, the energies

for the F−—HCH2I and F−—CH3I complexes, relative to the reactants, are -81.4 and

-71.5 kJ/mol, respectively. The former connects to a hydrogen-bonded TS via a barrier

of 12.0 kJ/mol, while the latter connects to a C3V TS via a barrier of only 1.9 kJ/mol.

Moving from these TSs to the C3V post-reaction complex FCH3—I−, the system releases

145 kJ/mol of energy. Hence, reaction entrance channel is much flatter, which may have

important implications for the reaction dynamics. MP2 theory with the ECP/d and

PP/d basis sets reproduces the CCSD(T) region of PES very well. The MP2 PES is

only shifted up from the CCSD(T) PES by 3 kJ/mol, with both hydrogen-bonded and

C3V barriers remaining the same.

The motivation of this research is to verify the existence of the traditional C3V en-

trance channel because a previous direct dynamics simulations [141] for the F− + CH3I

→ FCH3 + I− SN2 reaction at collision energies of 0.32 and 1.53 eV, usd DFT/B97-

1/ECP/d to represent the PES. At 0.32 eV the scattering angle distribution and the

distribution of internal energy in reaction product CH3F, determined from the simula-

tions, are in good agreement with the experimental distributions. The only difference is

in the scattering angle distribution and, compared to the experiments, there is slightly

more forward scattering and less backward scattering in the simulations. Howeverm

at 1.53 eV the difference between experiment and simulation is more substantial. The
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simulation gives an average product internal energy in agreement with experiment, but

the simulation distribution is narrower than that found experimentally. The simulation

gives substantially more forward scattering and less backward scattering compared to

the experimental results. Overall, better agreement is found between experiment and

simulation at the lower collision energy. The result of the current work is that the sta-

tionary points on the MP2 PES agree with those for the high-level CCSD(T) PES, while

the B97-1/ECP/d PES disagrees with the CCSD(T) PES. It might be expected that this

difference would manifest itself at low collision energies. However, at a 0.32 eV collision

energy the dynamics given by the B97-1/ECP/d PES are in overall good agreement

with experiment. It is at the higher collision energy of 1.53 eV where the difference

in the B97-1/ECP/d and experimental dynamics become more significant. Apparently

there are high energy regions of the B97-1/ECP/d PES which are inaccurate, giving rise

to inaccurate reaction dynamics at high collision energies. It would be interesting to

perform direct dynamics simulation for F− + CH3I → FCH3 + I− SN2 reaction using

MP2 at a higher collision energy. The dynamics would be expected be affected by the

extra ”traditional C3V entrance channel” in the PES. This work has been done and will

be presented in the next chapter.

The research presented in this charpter has been published at the International Journal

of Mass Spectrometry http://dx.doi.org/10.1016/j.ijms.2014.04.006; with co-authors of

Jing Xie, Jiaxu Zhang and William Hase (Texas Tech University).
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Chapter 6

Comparison of Direct Dynamics

Simulations with Different

Electronic Structure Methods.

F− + CH3I with MP2 and

DFT/B97-1

6.1 Introduction

As been discussed in the previous chapter, study of gas-phase X− + CH3Y → CH3X +

Y− SN2 reactions is of particular interest to many experimental and theoretical chemists,

for they are paradigm reactions in physical organic chemistry.[35, 117–121, 142] The tra-

ditional potential energy surface (PES) for this reaction has an ion-dipole X−—CH3Y

pre-reaction complex, a [X–CH3–Y]− central barrier, and an ion-dipole XCH3—Y− post-

reaction complex, all of C3V symmetry.[121] Non-traditional (non-C3V symmetry) PESs

are often important; e.g. the OH− + CH3F SN2 reaction with a CH3OH—F− post-

reaction complex in which F− is hydrogen-bonded to the -OH moiety,[122] and the F−
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+ CH3I reaction with a hydrogen-bonded F−—HCH2I pre-reaction complex.[123]

In previous work Zhang et al.[123] investigated the PES for the F− + CH3I → CH3I

+ F− SN2 reaction with different electronic structure theories and basis sets. Of par-

ticular interest is that MP2[80] and DFT[124] give different entrance-channel PESs for

this reaction, as discussed in the previous chapter. For the DFT/B97-1 PES there are

only a hydrogen-bonded F−—HCH2I pre-reaction complex and a hydrogen-bonded [F–

HCH2–I]− transition state (TS). In contrast, the MP2 PES has these stationary point

structures as well as the traditional F−—CH3I ion-dipole complex and [F–CH3–I]− TS,

both with C3V symmetry. The DFT functionals OPBE,[125] OLYP,[126] HCTH407,[127]

and BhandH,[106] give PESs similar to the B97-1 PES, and only BhandH with a triple-

zeta basis set gives traditional entrance-channel C3V stationary points similar to those

for the MP2 PES.[123]

The DFT/B97-1/ECP/d level of theory was chosen for the previous direct dynamics

simulations[41, 141] of the F− + CH3I reaction, since it gives a heat of reaction in excel-

lent agreement with experiment. The simulations were performed at collision energies

at 0.32 and 1.53 eV, and overall quite good agreement was found with experiment; e.g.

the experimental and simulation average fractions of product energy partitioning are

statistically the same. However, for the higher energy 1.53 eV collisions differences were

found between the experimental and simulation dynamics.[41] The internal energy dis-

tribution of the CH3F product is narrower in the simulations than in the experiments,

and the product scattering angle distribution is nearly isotropic in the simulations, but

has an important backward scattering component in the experiments.

As mentioned in the previous chapter, Sun et al.[143] performed CCSD(T)[116] single

point optimization calculations with different basis sets to assess the accuracy of the

MP2 and DFT PESs for the F− + CH3I → CH3I + F− entrance-channel stationary

points. Similar to the MP2 PES, both the hydrogen-bonded and traditional C3V sta-

tionary points were found for the CCSD(T) PES with all basis sets considered. These

CCSD(T) calculations strongly suggest that the F− + CH3I entrance-channel has C3V

stationary points as found for the MP2 PES, which are absent in PESs determined from

all of the DFT calculations except one.[123]
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In the work presented here MP2/ECP/d direct dynamics simulations were performed

to investigate the possibility that the differences in the MP2 and B97-1 PESs affect

the reaction dynamics. Interestingly, B97-1 gives reactive scattering dynamics at 0.32

eV which are in good agreement with experiment and the differences are found at the

higher collision energy of 1.53 eV.[41, 141] Accordingly, the MP2 simulations were per-

formed for this latter energy to compare the results with experimental data as well as

the previous simulations using B97-1/ECP/d.[41] Section II describes the computational

methodology for both the ab initio calculations and direct dynamics simulations, and the

results of the simulations are presented in Section III. Differences between the MP2 and

DFT simulation results are discussed in Section IV. The article ends with a Summary

in Section V.

6.2 Computational Methodology

6.2.1 Ab inito calculations

The MP2/ECP/d method was used for the direct dynamics simulations. Detailed dis-

cussions of different electronic structure calculations for the F− + CH3I → CH3I +

F− PES are discussed in the previous chapter, [123, 143] and briefly presented here.

The ECP/d basis set is a combination of: the Wadt and Hay effective core potential

(ECP)[129] for the core electrons; Dunning and Woon’s aug-cc-pVDZ basis set[114, 115]

for the C, H, and F atoms; and for iodine a 3s, 3p basis set for the valence electrons,

augmented by a d-polarization function with a 0.262 exponent, and s, p, and d diffuse

functions with exponents of 0.034, 0.039, and 0.0873.[130] The PP/t basis set consists

of the aug-cc-pVTZ basis set[114, 115] for the C, H, and F atoms, and Peterson’s aug-

cc-pVTZ basis set, with a pseudopotential (PP) for iodine.[52]

Similar to the CCSD(T)/PP/t PES, the MP2/ECP/d PES has both the traditional

C3V and hydrogen-bonded entrance channels, with the respective [F–CH3–I]− and [F–

HCH2–I]− TSs. Intrinsic reaction coordinate (IRC)[83] calculations were performed to

understand the connectivity of the C3V and hydrogen-bonded stationary points for the
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MP2 PES.[123] The hydrogen-bonded TS is connected with both the hydrogen-bonded

and C3V pre-reaction complexes. The C3V TS is connected with the C3V pre- and post-

reaction complexes.

For the MP2/ECP/d PES, the classical potential energy difference between the F−—

CH3I pre-reaction complex and [F–CH3–I]− TS for the C3V pathway is 13.0 kJ/mol,

and 2.9 kJ/mol between the F−—HCH2I pre-reaction complex and [F–HCH2–I]− TS

for the hydrogen-bonded pathway. The corresponding CCSD(T)/PP/t energies are 12.0

kJ/mol and 1.9 kJ/mol. The respective classical potential energy release values from

the F− + CH3I separated reactants to the F−—CH3I C3V complex and to the F−—

HCH2I hydrogen-bonded complex are 68.2 and 79.1 kJ/mol for MP2/ECP/d, compared

to 71.5 and 81.4 kJ/mol for CCSD(T)/PP/t. Stationary point geometries are given

in Table 2 of reference [143], and MP2/ECP/d gives structures very similar to those

for CCSD(T)/PP/t. As a result of these comparisons between CCSD(T) and MP2,

MP2/ECP/d was chosen as the electronic structure method for direct dynamics sim-

ulations to investigate the effect of the ”additional” C3V entrance channel pathway

compared to the previous DFT simulations.[41, 141]

6.2.2 Direct dynamics simulations

Classical trajectory simulations have been widely used to study chemical dynamics since

the early 1960’s[1] and a detailed introduction has been given in the first chapter of

this dissertation. They provide important atomic-level information such as reaction

pathways,[144, 145] rate constants,[146] and intramolecular vibrational energy redistri-

bution (IVR) rates.[92] A broadly applicable approach for performing these simulations

is Born-Oppenheimer direct dynamics[11, 18, 88] for which the potential energy and its

gradient, needed to numerically solve the classical equations of motion, are obtained

directly from an electronic structure theory. An enhancement in the simulation effi-

ciency is to use the molecular orbitals (MOs) obtained from the previous integration

step to initiate the self-consistent field[50] (SCF) procedure for the current integration

step. This approach ensures the trajectory remains on the same adiabatic electronic
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state, since the MOs for the previous step are expected to have the same character as

those for the current integration step. The direct dynamics simulations presented here

were performed with the VENUS/NWChem[48] software package, which has tight cou-

pling between the classical dynamics simulation code VENUS[43, 44] and the electronic

structure code NWChem.[46]

6.2.3 Trajectory initial conditions and analyses

For the best accuracy and computational cost, the trajectory integrations were per-

formed with the velocity-Verlet[23] method using a time step of 0.2 fs. The trajectories

were integrated for a maximum time of 5 ps, or until the distance between C-I or C-F

exceeded 15 angstrom, which was considered to be formation of products or reactants,

respectively. Initial conditions for the simulations were chosen to be identical with the

experiments to compare simulation and experiment. Quasiclassical sampling[14] was

used to select initial conditions for CH3I with 360 K and 75 K vibrational and rotational

temperatures, respectively. The CH3I molecule was randomly rotated about its Euler

angles. The F- + CH3I collision energy is fixed at 1.53 eV with an initial separation

of 15 angstrom. Different impact parameters were chosen for the collision as described

below.

6.3 MP2 Simulation Result

6.3.1 Microscopic reaction mechanism, reaction probabilities, and cross

sections

The reaction dynamics were studied by calculating ensembles of trajectories at fixed

values of impact parameter b. To identify the largest impact parameter at which reac-

tion occurs, bmax, 200 trajectories were calculated for each b of 4.75, 5.00, 5.25, 5.50,

5.75, 6.00 angstrom. Reaction was observed at only b of 4.75 angstrom and not at the

higher b. Therefore, 4.75 angstrom was identified as bmax and subsequent trajectories
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were sampled with b less than this bmax, and 500 trajectories were calculated for each

of b of 0, 1, 2, 3, 4, and 4.75 angstrom. Two reaction pathways were observed, i.e. SN2

nucleophilic substitution F− + CH3I → CH3I + F− and proton transfer F− + CH3I →

CH2I
− + HF. The research discussed here focuses on the SN2 reaction and the dynamics

of proton transfer will be considered in the future.

The SN2 reaction probability versus impact parameter is shown in Figure 6.1. Even

though the reaction has no overall barrier, the simulations still predict a very low

reaction probability, i.e. less than 12% for each impact parameter, which decreases

as the impact parameter increases. Similar to what has been observed for other SN2

reactions,[41, 141, 147] the reaction occurs by two direct atomic-level mechanisms, i.e.

rebound and stripping, and different types of indirect mechanisms. For the direct re-

bound mechanism F− directly attacks the backside of CH3I, rebounds backward off the

massive I-atom, and forms a highly excited C-F bond in CH3F molecule. The stripping

direct reaction mechanism occurs when F− approaches the side of the methyl iodide

molecule and strips the methyl group away from the I-atom, with CH3F scattering in

the forward direction. This reaction mechanism gives the newly formed CH3F molecule

an increased amount of rotational energy. Depictions of the rebound and stripping mech-

anisms are given in a previous article describing F− + CH3I SN2 dynamics.[41]

The indirect reaction is more complicated and occurs by multiple mechanisms including

formation of the pre-reaction complex (A) or post-reaction complex (B), the roundabout

mechanism (Ra),[148] barrier recrossing (br),[89, 149] and combinations of these pro-

cesses. For complex formation, one or both of the pre-reaction complexes F−—CH3I

and F−—HCH2I and/or post-reaction complex FCH3—I− have multiple vibrations be-

tween the anion and the molecular moiety, resulting in a lifetime that is observable in

the atomic animations. Barrier re-crossing was first observed for SN2 reactions in Cl− +

CH3Cl central barrier dynamics.[89] For the roundabout mechanism, F− first strikes the

CH3 group on its side, causing it to rotate one or more times around the massive I atom.

Then, after one or more CH3 revolutions, F− attacks the C atom backside and directly

displaces I−. This reaction mechanism has been discussed in detail previously.[148]

Percentages for the different indirect mechanisms are complex formation (42%), barrier
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Figure 6.1: Reaction probabilities, Pr(b), for the F− + CH3I SN2 reaction versus
impact parameter: MP2 dynamics top graph and DFT/B97-1 dynamics bottom graph.
The lines are for the total SN2 (blue), direct rebound (black), direct stripping (red),

and indirect (green) reactions.

recrossing (32%), roundabout (16%), and barrier recrossing + complex formation (10%).

As reported for other SN2 reactions[41, 141, 147, 149] and shown in Figure 6.1, the prob-

abilities of the atomistic mechanisms are heavily dependent on the impact parameter

b. The most likely mechanism at small b is the direct rebound mechanism, for which

the incoming fluoride ion attacks the carbon backside. Direct stripping replaces direct

rebound as the most probable mechanism at larger b. The probability of the indirect

mechanism decreases near linearly as b increases. The reaction cross section σr is ob-

tained by integrating the reaction probability versus b, Pr(b), over b; i.e. σr =
∫

2πbdb.

The total reaction cross section is 1.8 ± 0.3 angstrom square, and those for the direct
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rebound, direct stripping, and indirect mechanisms are 0.8 ± 0.3 angstrom square, 0.8 ±

0.2 angstrom square, 0.2 ± 0.06 angstrom square, respectively. The rebound, stripping,

and indirect percentages of the reaction are 46, 43, and 11%, respectively.

6.3.2 Product energy partitioning

The average I− + CH3F product energy partitioning for the current MP2/ECP/d sim-

ulations are given in Table 6.1. The overall fraction partitioned to CH3F rotation +

vibration is 0.66 ± 0.01 from MP2/ECP/d, statistically the same as the experimental

result of 0.59 ± 0.08.

Figure 6.2 presents the distribution of the CH3F internal energy, obtained from the

Table 6.1: Average franctions of F− + CH3I → CH3I + F− product energy parti-
tioning. The f’s are fractions of energy partitioned to ratational, vibrational, relative
translational and internal (rotation + vibration) energy. Total is the combined par-
titioning for the mechanism. Data for DFT/B97-1 were obtained from Table 2 of

reference [41]

[Mechanism] f’rot f’vib f’rel f’int

DFT/B97-1
direct rebound 0.19±0.03 0.27±0.04 0.54±0.03 0.46±0.03

direct stripping 0.27±0.03 0.45±0.04 0.28±0.02 0.72±0.02
indirect 0.07±0.03 0.62±0.04 0.31±0.02 0.69±0.02

total 0.12±0.03 0.51±0.06 0.37±0.04 0.63±0.04
MP2

direct rebound 0.07±0.01 0.56±0.01 0.37±0.01 0.63±0.02
direct stripping 0.21±0.02 0.45±0.01 0.34±0.01 0.66±0.02

indirect 0.14±0.04 0.71±0.06 0.15±0.02 0.85±0.07
total 0.13±0.00 0.53±0.00 0.34±0.00 0.66±0.00

Experiment
total 0.59±0.08

MP2 simulations, which is compared with the experimental distribution. The two dis-

tributions are similar, in that both have the same upper bound of 3.4 eV.[41] Both

distributions have the same most probable internal energy of 2.4 eV and also similar

shapes in the vicinity of the distributions’ peaks. The experimental data contains a

more diffuse lower bound in the distribution, due to the finite energy resolution,[41]

which is not present in the MP2 simulations. Overall the CH3F internal energy distri-

bution from the MP2/ECP/d simulations is in agreement with experiment.
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Figure 6.2: Normalized histogram distributions of the CH3F internal (rotation +
vibration) energy for the MP2 and B97-1 simulations. The black solid curve is the

experimental result and the blue dash is the simulation.

6.3.3 Velocity scattering angle

The reactant and product ion velocity scattering angle was calculated for each reactive

trajectory. Figure 6.3 presents histogram of the cosine of the scattering angle θ for the

total SN2 reaction and Figure 6.4 presents the histograms for the rebound, stripping,

and indirect atomistic mechanisms. The direct rebound mechanism leads to a backward

scattering with cosθ negative, as the CH3F product fluorine bounces off the much more

massive iodine atom. Though the direct stripping mechanism leads to forward scatter-

ing with cosθ positive, a large faction of the direct stripping trajectories have scattering

with the cosine value close to zero (see previous discussion in references [141] and [41]).

Isotropic scattering is observed for the combined indirect mechanisms, as found in pre-

vious studies.[41, 141, 147, 149] For the total reaction, there is good agreement between
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the experimental scattering angle distribution[41] and the scattering distribution de-

termined from the MP2 simulations, particularly for the forward and backward regions.

However, the simulations predict a large portion of the scattering with cosθ close to zero,

which is absent in the experiments.[41] It is of interest that almost all of the “sideways”

scattered trajectories, with cosθ close to zero, are from the ensemble with an impact

parameter b of 3 angstrom, with very few coming from the ensembles with b of 1 and 2

angstrom. Thus, it is possible that this sideways scattering would not be as pronounced

if b was sampled continuously between 0 and bmax for the simulations. Nevertheless, the

MP2 scattering angle distribution is dominated by backward scattering and in overall

agreement with experiment.

Figure 6.3: Normalized histogram distributions of the velocity scattering angle distri-
bution for the F− + CH3I → CH3I + F− reaction. The results for both the MP2 and
B97-1 simulations are presented. The black solid curve is the experimental result and
the blue dash is the simulation. Negative and positive cos(θ) correspond to backward

and forward scattering, respectively.
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Figure 6.4: Velocity scattering angle distributions from MP2(dash blue) and B97-
1(solid red) for the rebound, stripping, and indirect mechanisms. The sum of the indi-
vidual distributions is normalized to unity. The area of each distribution is proportional

to its contribution to the atomistic dynamics.

6.4 Comparison of MP2 and DFT/B97-1 Direct Dynamics

Both the MP2 and CCSD(T) electronic structure theories give a F− + CH3I→ CH3I +

F− PES which contains the hydrogen-bonded pathway with a [F–HCH2–I]− transition

state which connects the pre-reaction F−—HCH2I and post-reaction FCH3—I− com-

plexes, and also a C3V symmetry pathway with a [F–CH3–I]− transition state which

connects the pre-reaction F−—CH3I and post-reaction FCH3—I− complexes.[143] In

contrast, of the DFT functional and basis sets investigated, only BhandH/ECP/t has

a PES somewhat similar to that for the MP2 and CCSD(T) theories. In particular,

B97-1 has a PES with only the hydrogen-bonded pathway in the entrance channel. B97-

1/ECP/d theory was used for the previous direct dynamics study of the F− + CH3I SN2

reaction, and it was found to give scattering dynamics in good agreement with experi-

ment at the low collision energy of 0.32 eV, but noticeable differences with experiment

at the higher collision energy of 1.53 eV. In the following, the results of the current MP2

simulations at 1.53 eV are compared with those previously reported for B97-1/ECP/d

at this collision energy.
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6.4.1 Reaction probabilities and cross sections

The MP2 and B97-1 total SN2 reaction probabilities versus impact parameter, Pr(b),

are compared in Figure 6.1. The B97-1 Pr(b) are approximately a factor of two larger

than the MP2 values and, in addition, Pr(b) extends to 6 angstrom for B97-1 but only

to 5 angstrom for MP2. As a result, the B97-1 SN2 reaction cross section is appreciably

higher than the MP2 value and is 8.6 ± 2.2 angstrom square, as compared to 1.8 ± 0.3

angstrom square for MP2. This difference in the MP2 and B97-1 reactive cross sections

probably arises from multiple factors. One is the broader range of impact parameters

leading to reaction for the B97-1 dynamics. Another is that for MP2 the TS connecting

the pre-reaction complex to the products is 10 kJ/mol higher energy (see last chapter).

As shown in Figure 6.1, the MP2 and B97-1 dynamics have the same direct rebound,

direct stripping, and indirect atomistic mechanisms. The overall characteristics of the

MP2 and B97-1 Pr(b) are similar for the rebound and stripping mechanisms, with the

proviso that the rebound Pr(b) are larger for the B97-1 calculations. The striking

difference between the MP2 and B97-1 dynamics is for the indirect mechanism, whose

B97-1 probability peaks at large impact parameter. For the b = 0-3 angstrom range, the

Pr(b) for MP2 and B97-1 are similar, but the large B97-1 probability at large b results

in a high probability for the indirect mechanism for the B97-1 dynamics. The B97-1

cross sections for the rebound, stripping, and indirect mechanisms are 2.5 ± 0.7, 1.0

± 0.3, and 5.1 ± 1.7 angstrom square, respectively, which give respective probabilities

of 29, 12, and 59%, respectively. The MP2 cross sections for the rebound, stripping,

and indirect mechanisms are 0.8 ± 0.3 angstrom square, 0.8 ± 0.2 angstrom square,

0.2 ± 0.06 angstrom square, respectively, resulting in respective percentages of 46, 43,

and 11%, respectively. Thus, the indirect mechanism is dominant (59%) for the B97-1

dynamics, but a minor contributor (11%) for MP2. The B97-1 cross section for the

rebound mechanism is four times larger the MP2 value, while the B97-1 and MP2 cross

sections are the same for the stripping mechanism.
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6.4.2 Product energy partitioning

The average product energy partitioning fractions for the DFT/B97-1 and MP2 simula-

tions are summarized in Table 6.1. The overall DFT/97-1 and MP2 fractions partitioned

to CH3F internal excitation, fint, are 0.63 ± 0.04 and 0.66 ± 0.01, respectively, and statis-

tically the same as the experimental result of 0.59 ± 0.08. In addition, the partitionings

to frot, fvib, and frel are also the same for B97-1 and MP2.

Differences in the energy partitioning are apparent for the atomic-level rebound and

indirect mechanisms. The B97-1 and MP2 energy partitionings are similar for the strip-

ping mechanism. For the rebound mechanism, B97-1 preferentially transfers energy to

product relative translation (0.54), while the majority of the transfer is to CH3F vibra-

tion (0.56) with MP2. Correspondingly, fint is 0.46 for B97-1 and 0.63 for MP2. For the

indirect reaction, frel for MP2 is one-half that for B97-1. As a result, fint is 0.85 and

0.69 for MP2 and B97-1, respectively.

The CH3F internal energy distributions, from the B97-1 and MP2 simulations, are com-

pared in Figure 6.2. Both B97-1 and MP2 have the same high energy cut-off, but overes-

timate the distribution in the region of approximately 1.5-2.5 eV. Both B97-1 and MP2

do not capture the low energy region of the distribution as compared to experiment.[41]

However, there is some experimental uncertainty for this region due to diffuseness in

the data and, resulting, finite energy resolution.[41] The most probable energy of 2.4 eV

from the MP2 simulations is similar but slightly larger than the B97-1 value of 2.2 eV.

Overall, the MP2 internal energy distribution is broader and in better agreement with

experiment than B97-1.

6.4.3 Velocity scattering angle

The MP2 and B97-1 velocity scattering angle distributions are given in Figure 6.3, where

they are compared with experiment. Experiment is dominated by backward scattering,

but B97-1 predicts almost isotropic scattering. The MP2 scattering angle distribution

agrees well with experiment, except for a surprisingly large probability of sideways scat-

tering, that is discussed in the previous section. Overall, the MP2 simulations reproduce
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the backward scattering observed in the experiments. This is a result of less indirect

reaction in MP2 as compared to the B97-1 simulations and the, resulting, more impor-

tant rebound mechanism for the MP2 simulations.

The MP2 velocity scattering angle distributions for the rebound, stripping, and indirect

mechanisms are compared in Figure 6.4, and their characteristics are similar to what

was found for the previous B97-1 simulations. Rebound is backward scattering, strip-

ping forward, and indirect overall isotropic. What is different between the MP2 and

B97-1 scattering is the sideways component in the MP2 stripping, which is not present

for B97-1.

6.5 Summary

In the work presented here MP2/ECP/d direct dynamics for the F− + CH3I→ CH3I +

F− reaction, at a collision energy of 1.53 eV, are compared with those presented previ-

ously using the B97-1/ECP/d method.[41, 141] There are differences between the B97-1

and experimental results for this collision energy. Comparisons are often made between

different electronic structure methods in calculating stationary point properties such as

structures, vibrational frequencies, and energies, and it is important to understand how

the reaction dynamics depend on the level of electronic structure theory used in direct

dynamics simulations. The work presented here addresses this subject.

Both the B97-1 and MP2 direct dynamics are based on classical trajectories and, be-

fore comparing the results of the two simulation methods, it is important to assess the

accuracy of classical dynamics for the F− + CH3I → CH3I + F− reaction. Classical

dynamics do not preserve zero-point energy (zpe) constraints,[150] and bimolecular[151]

and unimolecular[152] reactions can occur classically without zpe in the modes orthog-

onal to the reaction coordinate as the reactive system passes the TS. Thus, if tunneling

is unimportant, the classical threshold for reaction will be less than that for quantum

dynamics. For intramolecular vibrational energy redistribution (IVR)[92] there is a sim-

ilar problem with classical dynamics in that classically zpe can unphysically flow from

a mode and enhance the rate of IVR.[153, 154]
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The neglect of zpe constraints in classical dynamics becomes important when the energy

of the reactive system is in only slight excess of its zero point energy. Fortunately, as a

result of the high collision energy of 1.53 eV and the large exothermicity in forming the

pre-reaction complex and reaction products, problems with zpe are unexpected for the

F− + CH3I → CH3I + F− reaction. The reactive system is expected to have zpe when

crossing the TS, separating the pre-reaction complex and products, and when forming

the products. Thus, classical dynamics is expected to be accurate for the F− + CH3I

→ CH3I + F− reaction at a collision energy of 1.53 eV, and any differences between the

classical dynamics simulations and experiment are expected to result from shortcomings

in the PES.

There are differences in the entrance channel for the MP2 and B97-1 PESs.[123] For

B97-1 there is only the hydrogen-bonded pathway, while for MP2 there is this pathway

and the traditional C3V pathway. The MP2 PES agrees with higher level CCSD(T)

calculations,[143] which is expected to be accurate. The effect of such an inaccuracy in

the reaction pathways for the B97-1 PES might be expected to be most pronounced at

low energy and, interestingly, B97-1 gives overall dynamics which agree with experiment

at the low collision energy of 0.32 eV.[141] It is at the higher collision energy of 1.53

eV where there are differences between the B97-1 dynamics and experiment. This is

the energy considered here. MP2 and B97-1 give the same atomistic direct rebound,

direct stripping, and indirect atomistic mechanisms for the F− + CH3I → CH3I + F−

reaction, but these theories differ in the relative importance of these mechanisms and

in the total reaction cross section. The major difference for the atomistic mechanisms

is that B97-1 predicts that 59% of the reaction is indirect, while only 11% for MP2. In

addition, the rebound mechanism is more important for the MP2 dynamics. A property

which conceivably could be determined by experiment is the SN2 reaction cross section,

for which the B97-1 and MP2 values are 8.6 ± 2.2 and 1.8 ± 0.3 angstrom square, re-

spectively. Experiment could identify which is more accurate, which may provide insight

to whether MP2 or B97-1 more accurately describes the atomic-level mechanisms. It is

noteworthy that the experimental scattering is characterized by nearly equal isotropic

and backward scattered components, indicating an appreciable indirect component in
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the scattering dynamics.[41]

Both B97-1 and MP2 give an average energy partitioning to CH3F internal energy which

is in agreement with experiment. However, the MP2 distribution for this energy is in

somewhat better agreement with experiment than found from their B97-1 simulations,

but there is some uncertainty in the exact form of the experimental distribution. The

stripping mechanism gives similar energy partitioning for the MP2 and B97-1 simula-

tions, but the energy partitioning is different for the rebound and indirect mechanisms.

For MP2 the majority of the rebound energy partitioning is to CH3F vibration, but for

B97-1 it is to relative translation. For the indirect mechanism, MP2 partitions 0.85 of

the available energy to CH3F internal energy and, in contrast, this fraction is 0.69 for

B97-1. These are interesting differences in the atomistic product energy partitioning,

which are difficult to determine experimentally. For example, the rebound mechanism

has backward scattering, but this scattering is convoluted with that for the indirect

mechanism which also has a backward component.

The MP2 velocity scattering angle distribution is in much better agreement with exper-

iment than found from the B97-1 simulations. There is a large backward (i.e. rebound)

component in the experimental scattering and B97-1 does not give this. Instead, these

simulations give a near isotropic scattering distribution.

The above comparisons between experiment and the MP2 and B97-1 simulations, at

a collision energy of 1.53 eV, suggest that the former may be more accurate. More

experimental information is needed, e.g. the SN2 reaction cross section. For the 12-

dimensional 6-atom F− + CH3I → CH3I + F− reaction, it is difficult to quantify which

differences in the MP2 and B97-1 PESs affect the 1.53 eV reaction dynamics. The B97-1

PES has a heat of reaction which is in excellent agreement with experiment, while that

for MP2 is in error by 24.3 kJ/mol.[143] In addition, direct dynamics simulations for

the OH− + CH3I reaction, with B97-1, give rate constants in excellent agreement with

experiment.[155] On the other hand, CCSD(T) calculations[143] indicate that MP2 more

accurately describes the entrance channel reaction paths for the SN2 reaction. However,

these are just signatures of the PES and most likely neither effect the reaction dynamics
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for the high energy 1.53 eV reaction dynamics. More work needs to be done to deter-

mine which electronic structure theories gives accurate dynamics for the F− + CH3I →

CH3I + F− reaction. Overall, this work has illustrated the utility of direct dynamics

simulations for assessing the accuracy of electronic structure theories and their PESs.

Additional studies like that presented here are important.

The research presented in this charpter has been accepted to publish at the Physical

Chemisty Chemical Physics with minor revision, with co-authors of Collin Davada, Ji-

axu Zhang and William Hase (Texas Tech University).
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Chapter 7

Potential Energy Surfaces for the

HBr+ + CO2 → Br + HOCO+

Reaction in the HBr+ 2Π3/2 and

2Π1/2 Spin-Orbit States

7.1 Introduction

There is considerable experimental interest in the chemical dynamics of ion-molecule re-

actions with the reactants in specific quantum states.[156–161] Viggiano and co-workers[156]

have investigated the influence of vibrational and rotational energies on the rates of ion-

molecule reactions. For exothermic reactions they found that the rotational energy

has negligible influence on the reaction efficiency, while rotational energy increases the

efficiency for endothermic reactions. More detailed information regarding the role of

different types of energy on the reaction dynamics is obtained by studying state-selected

molecular ions. Anderson and coworkers[157, 158] have been particularly interested in

the effects of reactant vibrational excitation on the dynamics of ion-molecule reactions.
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In recent research Paetow et al.[160, 161] used a guided ion beam apparatus to mea-

sure the rate constants for HBr+ and DBr+, in the 2Π3/2 and 2Π1/2 spin-orbit states,

reacting with CO2 to form Br + HOCO+. The mean rotational energy of the HBr+ and

DBr+ ions was varied and it was found that the rate constant decreased with increase

in rotational energy. Similarly, the rate constants decreased with increase in reactant

collision energy. These energy and state specific effects were found for both the en-

dothermic reaction with HBr+(DBr+) in the 2Π3/2 state and the exothermic reaction

with these ions in the 2Π1/2 state. The potential energy surface (PES) for these pro-

ton and deuteron transfer reactions has been investigated at the UMP2 and CCSD(T)

levels of theory,[160, 161] without the inclusion of spin-orbit (SO) coupling,[51] and

the resulting energies are summarized in Table 1 of reference [160] and compared with

experiment.[160, 161]

Classical trajectory simulations have proven very important for interpreting experimen-

tal studies of state-selected ion-molecule reactions and determining atomistic details of

their chemical dynamics. Of particular interest is the manner in which vibrational exci-

tation of the reactants may enhance the reaction rate, which has been investigated for

the reaction of H2CO+ with D2 and CD4,[162, 163] and the NO+
2 + C2H2 and C2H

+
2 +

CH4 reactions.[164, 165] The possibility of establishing of “Polanyi Rules” for polyatomic

reactions has been investigated.[162] Trajectories have also been used to investigate the

role of state-specific vibrational excitation on collisioninduced dissociation.[166]

In the work reported here spin-orbit calculations[51] are performed to derive PESs for

the HBr+ + CO2 → Br + HOCO+ reaction with HBr+ in the 2Π3/2 and 2Π1/2 spin-orbit

states. An electronic structure quantum mechanical (QM) theory is used to represent the

“average” 2Π PES without spin-orbit coupling. Analytic molecular mechanics (MM)-

like potential energy functions, which are fit to the spin-orbit coupling calculations, are

then be added to this QM component to give PESs with spin-orbit coupling. These po-

tential energy surfaces may be used in future QM+MM direct dynamics simulations[24]

to study the HBr+ + CO2 → Br + HOCO+ reaction with HBr+ in the 2Π3/2 and 2Π1/2

spin-orbit states.
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7.2 Computational Methods

Without spin-orbit (SO) coupling HBr+ has a four-fold degenerate 2Π state. With

SO coupling, this state splits into a doubly degenerate 2Π3/2 spin-orbit (SO) ground

state and a doubly degenerate 2Π1/2 SO state which is 329 meV higher in energy.[167]

Also considered for the SO coupling calculations described below is the HBr+ doubly

degenerate 2Σ1/2 state. The 2P1/2 ground electronic state of the Br atom is four-fold

degenerate, and both the 2Π3/2 and 2Π1/2 states of the HBr+ reactant correlate with

this product 2P3/2 state. The 2Σ1/2 state of HBr+ correlates with the doubly degenerate

2P1/2 excited state of the Br atom. The 2P3/2 and 2P1/2 states of Br are separated by 457

meV. In a [BrH—OCO]+ collinear arrangement and without SO coupling, the ground

electronic state remains 2Π as for the reactants and is four-fold degenerate. For bent

planar geometries, these degenerate states split into a 2A” term and a 2A’ term, still

very close in energy.

7.2.1 Calculations without Spin-Orbit Coupling

In previous work MP2 and CCSD(T) electronic structure calculations were performed,

without SO coupling, for the HBr+ + CO2 → Br + HOCO+ 2A” ground state PES.[160,

161] For the work reported here, these calculations were supplemented with additional

electronic structure calculations performed with the NWChem computer program.[46]

CCSD(T)[116] calculations, with both augmented and non-augmented correlation con-

sistent double, triple, and quadruple zeta basis sets[50] were used to calculate the HBr+

+ CO2 → Br + HOCO+ 2A” heat of reaction without SO coupling. The complete basis

set (CBS) limit for these calculations was obtained using the formula of Peterson et

al.,[168, 169] i.e.

E(n) = ECBS +Aexp[−(n− 1)] +Bexp[−(n− 1)2] (7.1)

where n = 2, 3, and 4, represent X = D, T and Q, respectively, for the cc-pVXZ basis

sets.
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A large number of basis functions are needed to accurately describe all the electrons for

heavy atoms with many electrons, and the size of the basis set becomes important in

treating both scalar and spin-orbit relativistic effects. Since the core electrons do not play

an important role in chemical reactions, methods have been developed to replace the core

electrons by effective core potentials (ECPs) or pseuodopotentials (PPs)[52, 170, 171]. In

the research presented here, the energy-consistent Stuttgart-Dresden-Bonn (SDB)[172]

PP and small-core PPs[173] were used for the many electron Br atom for both accuracy

and efficiency.

To compare with the benchmark CCSD(T)/CBS calculations, the reaction potential

energy profile was also calculated with the three widely used density functional theory

(DFT) functionals B3LYP,[74] PBE0[107] and Becke98[174] and unrestricted MP2.[80]

A variety of basis sets were used for these calculations with the goal of ascertaining

whether the reaction potential energy profile may be accurately represented by a single

reference method with low computational cost.

For a collinear geometry, the ground state for the HBr+ + CO2→ Br + HOCO+ reaction

is identified as 2Π, which splits into 2A” and 2A’ levels for bent planar geometries at

which the interaction between the Br atom and CO2 is not negligible. To study this

splitting, two distinct ROHF calculations were performed followed by MP2 calculations.

These ROHF-MP2 calculations for the 2A’ state had occupation (21a’)2(7a”)2(22a’)1

and for the 2A” state had occupation (21a’)2(7a”)1(22a’)2.

7.2.2 Anharmonic Zero-Point Energy Corrections without Spin-Orbit

Coupling

The experimental heats of formation for the reactants and products are: CO2, -393.107

± 0.014 kJ/mol; HBr+, 1097.71 ± 0.14 kJ/mol; HOCO+, 600.80 ± 0.45 kJ/mol; and Br,

117.92 ± 0.06 kJ/mol.[133–135] The resulting 0 K δH = δE for the HBr+(2Π3/2) + CO2

→ HOCO+ + Br(2P3/2) reaction is 14.12 ± 0.47 kJ/mol (146 ± 5 meV). To compare

with the ab initio reaction energetics an experimental value for δH = δE is required which

does not include zero-point energy (ZPEs) for the reactants and products. The following
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procedures were used to remove ZPE from the experimental 0 K heat of reaction.

To second-order and also for the Morse potential function,[175] the vibrational energy

levels for a diatomic molecule are given by:

E(n) = (n+
1

2
)hve + (n+

1

2
)2hve (7.2)

where ve is the harmonic frequency and xe the anharmonic correction term. These

parameters are known for HBr+ and are ve = 2441.5 cm−1 and xe = 47.4 from NIST

website. The HBr+ ZPE is (hve/2 - hxe/4) = 14.74 kJ/mol. The vibrational energy

levels for CO2, given by second-order perturbation theory,[175] are

E(n, d) =

3∑
i=1

(ni +
di
2

)hvi,e +

3∑
i=1

3∑
k≥1

(n+
di
2

)(n+
dk
2

)hxi,k + hg22l
2 (7.3)

which is similar to Eq. (2) with the additional parameters d the degeneracy of the vibra-

tional levels, g22 the vibrational angular momentum anharmonicity constant, and l the

vibrational angular momentum. The parameters for the CO2 vibrational energy levels

are (all in cm−1):[175] v1,e = 1354.0, v2,e = 673.2, v3,e = 2396.3, x11 = -2.9, x22= +1.1,

x33= -12.5, x12 = -3.6, x13 = -19.7, x23 = -12.4, and g22 = -0.9. For the ZPE level the ni

and l are zero, so that the CO2 ZPE is 30.33 kJ/mol. The vibrational energy levels for

the product molecule HOCO+ have not been measured and, thus, experimental values

may not be used to determine the ZPE for this molecule. Therefore, a well-tested elec-

tronic structure theory approach, with a scale factor for the anharmonic ZPE,[136] was

used. The specific method used is CCSD(T)/cc-pVTZ and the same optimized scale fac-

tor for each mode, determined by a least-squares minimization of the residuals between

the scaled and experimental ZPEs for a chosen molecular database. The resulting ZPE

for HOCO+ is 54.95 kJ/mol. This approach was also used to determine the ZPE for the

BrHOCO+ reaction intermediate considered in the next section. With the above values

for the HBr+, CO2, and HOCO+ ZPEs, the 14.12 ± 0.47 (146 ± 5meV) heat of reaction

at 0 K becomes 4.24 ± 0.47 kJ/mol (44 ± 5 meV) without ZPEs. These are energies

for the ground-state HBr+(2Π3/2) + CO2 → Br(2P1/2) + HOCO+ pathway. We can

assume that the splitting of the 2Π multiplet of HBr+ and of the 2P multiplet of Br is

89



Texas Tech University, Rui Sun, Dec 2014

only due to the SO interaction of the states belonging to the same multiplets, because

other states are well separated in energy. Then, the SO contribution to the ground state

energy of HBr+ is half the splitting, i.e. 164.5 meV, and in the case of Br it is one third

of the splitting, i.e. 152.3 meV. So, the spin-orbit contribution to the reaction energy is

very small, about 12 meV. By subtracting this contribution, we find that the reaction

energy without ZPE and without SO is 32 ± 5 meV.

7.2.3 Calculations with Spin-Orbit Coupling

SO coupling calculations were carried out for the HBr+ + CO2→ Br + HOCO+ reaction

with the Breit Pauli Hamiltonian as implemented in the Molpro[47] program using the

state averaged CASSCF (SA-CASSCF) theory.[76, 77] Dunning’s cc-pVTZ basis set[114]

was used (fully uncontracted and up to p functions for H, d for C and O, f for Br). In

order to run meaningful SO coupling calculations, three degenerate 4p5 states of the Br

atom need to be included, which correspond to the ground 2Π state plus a 2Σ excited

state of BrH+. However, if equal weights were applied to the three states to perform a

SA-CASSCF calculation, the latter is higher in energy than a charge transfer state, BrH

+ CO−2 (2Π). To remove this latter state we used the “dynamical weighting” ansatz, as

implemented in Molpro; i.e. the weight of each state is computed as

wi = 1/cosh(α∆Ei)
2 (7.4)

where Ei is the energy difference between state i and the ground state. Setting the

constant α to 9 a.u. enables the program to shift the charge transfer 2Π state to a

higher energy than the 2Σ state, so that only 3 states had to be taken into account in

the SA-CASSCF calculations. The active space includes 5 molecular orbitals (MOs) and

9 electrons., which are one σ MO and a pair of Π non-bonding MO’s on HBr, and a pair

of Π bonding MO’s on CO2 for the reactants; and the three 4p orbitals of Br, and one

a’ MO and one a” MO on HOCO+ for the products.
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7.3 COMPUTATIONAL RESULTS

7.3.1 PES without Spin-Orbit Coupling

7.3.1.1 CCSD(T) HBr+ + CO2 → Br + HOCO+ reaction energy

As discussed in the Introduction, a goal of this study is to develop accurate QM+MM

PESs for the HBr+ + CO2 → Br + HOCO+ reaction with HBr+ in the 2Π1/2 and 2Π3/2

spin-orbit states. In this model, QM represents the average 2Π PES without spin-orbit

coupling and MM are analytic potential energy functions fit to spin-orbit coupling cal-

culations (see below). An accurate QM model is required for this representation of the

PES.

In previous work,[160] Paetow et al. calculated QM energies for the HBr+ + CO2 → Br

+ HOCO+ reaction with UMP2 and CCSD(T) theories and double- and triple-zeta basis

sets. Values for the reaction energy, ∆Er, and the energy of the reaction intermediate

BrHOCO+, E(BrHOCO+), were reported without ZPEs included and with a harmonic

ZPE correction (Please refer to Table 1 in reference [160].

With the objective to establish an accurate QM energy for the HBr+ + CO2 → Br +

HOCO+ reaction, a set of CCSD(T) calculations were performed to determine the re-

action energy ∆Er. Two pseudo potentials were considered for Br, i.e. PP by Peterson

et al.[173] and SDB by Martin and Sundermann.[172] In addition, a range of different

correlation consistent cc-pVXZ and aug-cc-pVXZ basis sets[79, 114, 115] were used, with

X = D, T and Q to represent double-, triple- and quadruple zeta basis sets, respectively.

The results of these CCSD(T) calculations are listed in Table 7.1. A similar CBS limit is

found for the “cc-“ and “aug-cc-“ basis sets with the PP pseudopotential. For the former

basis sets the CBS limit for the reaction energy ∆Er QM is 75 meV, while 62 meV for

the latter. For the calculations with the SDB pseudopotential, the aug-cc-pVTZ and

aug-cc-pVQZ basis sets give ∆Er QM of 86 and 77 meV, respectively. A comparison

of these results, with consideration of effects of the basis set on ∆Er and also the CBS

limit, suggests that the CCSD(T)/CBS/ccpVXZ/ PP value for ∆Er QM of 75 meV is

the most accurate. For these calculations, the ccpVTZ/PP and cc-pVQZ/PP basis sets
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give very similar ∆Er QM values, which are nearly identical to the CBS value. A value

of 75 meV is used as the QM benchmark for the reaction energy.

Though complete spin-orbit calculations are given below, it is possible to obtain a mean-

Table 7.1: Comparison of CCSD(T), UMP2 and DFT Reaction Energies(meV).

Method

Basis Set B3LYP B98 PBE0 UMP2

∆EQM
r

3-21G -477
6-31G**/lanl2dz -460

6-31G**/lanl2dzdp -154 -144 -156
6-311G -197

6-311G** 6 -5 13 5
6-311G**/SDB -199

cc-pVDZ/PP -31(64) -37 -11 -30
cc-pVTZ/PP 83

cc-pVTZ/SDB 10(125) -24 -24 -43
aug-cc-pVDZ/lanl2dzdp 102(216) 81 71 309

aug-cc-pVTZ/SDB 104(218) 79 75 83
EQM (BrHOCO+)

3-21G -635
6-31G**/lanl2dz -1111

6-31G**/lanl2dzdp -898 -898 -931
6-311G

6-311G** -792 -816 -831
6-311G**/SDB -865

cc-pVDZ/PP -868 -875 -878 -739
cc-pVTZ/PP -731

cc-pVTZ/SDB -809(-753) -847 -878 -811
aug-cc-pVDZ/lanl2dzdp -731(-692) -762 -798

aug-cc-pVTZ/SDB -741(-699) -781 -815 -779

ingful approximate ∆Er value for HBr+(2Π3/2) + CO2 → Br (2P3/2) + HOCO+, in lieu

of these calculations, based on ∆Er QM = 75 meV. The splitting of the 2P1/2 and 2P3/2

state for the Br-atom is 456.9 meV. Since the 2P3/2 state is four-fold degenerate and the

2P1/2 state is two-fold degenerate, the QM energy for the Br-atom lies 152.3 meV above

the 2P3/2 energy. As discussed below as part of the spin-orbit calculations, to a quite

good approximation, the QM energy for HBr+ lies midway between the energies of the

2Π1/2 and 2Π3/2 states, each doubly degenerate. The splitting of these two states is 329
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meV, placing the QM energy for HBr+ 164.5 meV above the 2Π3/2 state. With these

QM energies for the Br atom and HBr+, and the above value for ∆Er QM, ∆Er for the

+(2Π3/2) + CO2 → Br (2P3/2) + HOCO+ reaction without ZPE is (75 + 152.3 - 164.5)

meV = 63 meV. This value is only slightly higher than the above “experimental value”

of 44 ± 5 meV without ZPE, further corrected to 32 ± 5 meV by subtracting the SO

contribution.

7.3.1.2 Energies of the BrHOCO+ and [HBr—OCO]+ intermediates

Electronic structure calculations were also performed to determine the QM energy, with-

out ZPE, for the BrHOCO+ reaction intermediate and the results are given in Table 7.1.

The BrHOCO+ energy, obtained previously by Paetow et al, from UMP2 and CCSD(T)

calculations, varies from -706 to -824 meV, with respect to the separated reactants HBr+

+ CO2. For the current study an optimized BrHOCO+ geometry and energy were ob-

tained with CCSD(T) calculations employing the cc-pVDZ/PP and cc-pVTZ/PP basis

sets, and their respective energies are -668 and -698 meV (see Table 7.1). Because of the

extreme memory requirement for CCSD(T)/cc-pVQZ/PP calculations, it was not pos-

sible to obtain an optimized BrHOCO+ structure and concomitant energy at this level

of theory. To approximate the CBS limiting energy for BrHOCO+, the above cc-pVDZ

and cc-pVTZ energies for BrHOCO+ were extrapolated using the well-known expression

developed by Halkier et al.

Ex = E∞ +AX−3 (7.5)

Ey = E∞ +AY −3 (7.6)

in which X and Y are the cardinal numbers of the basis sets. The resulting CBS limit

energy for BrHOCO+ is -710 meV. As a test of this extrapolation method, the reaction

energy (∆Er QM) calculated using Eqs. (7.5) and (7.6), and only the double and triple

zeta basis sets, was compared with that obtained in the previous section using Eq. (1)

and the double, triple, and quadruple basis sets. ∆EQM
r from Eqs. (5) and (6) is 88

meV and in quite good agreement with the value of 75 meV obtained from Eq. (1)
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In addition to the BrHOCO+ reaction intermediate, there is an [HBr—OCO]+ van der

Waals’ intermediate in the entrance channel of the PES, whose geometry is depicted in

Figure 7.1. The CCSD(T) energy for [HBr—OCO]+, without ZPE, was calculated with

the cc-pVDZ and ccpVTZ basis sets and the respective values are -534 and -539 meV.

The CBS extrapolated energy, using Eqs. (5) and (6), is -541 meV. Thus, the potential

energy for the [HBr—OCO]+ van der Waals’intermediate is 170 meV higher in energy

than that for the BrHOCO+ reaction intermediate. [41]

Figure 7.1: Geometries of intermediates. The unit of bond length is Angstrom and
bond angle is degree. The numbers on top are from CCSD(T)/cc-pVDZ/PP and at

bottom are from CCSD(T)/cc-pVTZ/PP.
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7.3.2 An accurate QM method for direct dynamics simulations

As discussed above CCSD(T) theory, extrapolated to the CBS limit, gives a quite accu-

rate ∆Er QM = 75 meV for the HBr+ + CO2 → Br + HOCO+ reaction in the absence

of spinorbit coupling. However, this level of theory is impractical for the projected

QM+MM direct dynamics simulations and it is important to identify a computation-

ally practical, but sufficiently accurate, QM method for the simulations. Different QM

methods and basis sets were tested and the results are summarized in Table 7.1. An

ideal QM method would not only give the accurate reaction energy ∆Er QM but also

correctly represent the energies for the intermediates BrHOCO+ and [HBr—OCO]+. In

the following, QM energy values are considered for ∆Er QM, BrHOCO+, and [HBr—

OCO]+ consecutively.

Table 7.1 shows that Pople-type basis sets give negative or small positive values of ∆Er

QM compared to the CCSD(T)/CBS value of 75 meV. This result was illustrated pre-

viously by the calculations of Paetow et al.[160] To illustrate the results in Table 7.1,

UMP2/6-311G, UMP2/6-311G*, and PBE0/6-311G* give ∆Er QM values of -197, 5,

and 13 meV, respectively. Accurate values for ∆Er QM are obtained with the Dunning

correlation consistent (cc) basis sets.[79, 114, 115] B98 and PBE0, with the aug-cc-

pVDZ/lanl2dzdp basis, give respective ∆Er QM values of 81 and 71 meV. UMP2 gives

∆Er QM = 82 meV with the aug-cc-pVTZ/SDB basis set. The B3LYP ∆Er QM values

with the “cc” basis sets are somewhat larger than the CCSD(T)/CBS value of 75 meV,

i.e. with the aug-cc-pVDZ/lanl2dzdp and aug-cc-pVDZ/SDB basis sets the values are

102 and 104 meV, respectively.

The results in Table 7.1 show that the calculated energy for the BrHOCO+ reaction inter-

mediate strongly depends on the method, basis set and pseudopotential. DFT and MP2

using Pople-type basis sets and the lanl2dz pseudopotential, substantially overestimate

the HBr+ + CO2→ BrHOCO+ binding energy as compared to the CCSD(T)/CBS(D+T)

value of -710 meV. The performance of DFT improves as the basis set gets larger, e.g.

the binding energy is -790 meV for B3LYP/6-311G**. Of the different DFT func-

tionals, B3LYP with the aug-cc-pVTZ/SDB and aug-cc-pVDZ/land2dzdp basis sets
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gives the most accurate QM enegies for BrHOCO+, which are -741 and -731 meV, re-

spectively. The MP2 results are best with the PP pseudopotential and UMP2 with

cc-pVDZ/PP and cc-pVTZ/PP are -740 and -730 meV, respectively, as compared to

the CCSD(T)/CBS(D+T) value of -710 meV. Considering the performance of different

electronic structure theory methods in reproducing the “accurate” ∆Er QM and the

QM energy for BrHOCO+, B3LYP/aug-cc-pVDZ/lanl2dzdp and UMP2/cc-pVTZ/PP

are the best QM methods for the direct dynamics simulations.

It is important to verify that B3LYP/aug-cc-pVDZ/lanl2dzdp and UMP2/cc-pVTZ/PP

are able to represent the van der Waals intermediate complex [HBr—OCO]+. The

relative energy of [HBr—OCO]+ from B3LYP/aug-cc-pVDZ/lanl2dzdp and UMP2/cc-

pVTZ/PP are -705 and -532 meV, respectively, as compared to the CCDS(T)/CBS(D+T)

value of -541 meV. B3LYP/aug-ccpVDZ substantially overestimates this van der Waals’

interaction and only UMP2/cc-pVTZ/PP yields accurate energies for ∆Er QM, BrHOCO+,

and [HBr—OCO]+.

The research presented in this charpter has not been finished yet, and is expected to be

done by the end of 2014. This research involves collaberation with co-authors of Grace

Cheong (Haverford College), Joe Liang (UCLA), Giovanni Granucci, Maurizio Persico

(University of Pisa) and William Hase (Texas Tech University).

96



Texas Tech University, Rui Sun, Dec 2014

Chapter 8

Conclusion and Future Work

As shown in this dissertation, direct dynamics simulations provide an atomistic un-

derstanding of chemical processes including unimolecular and bimolecular reactions

(Chap.3; Chap.4 and Chap. 6), gas-surface collisions and reactions(Chap.4 and Chap.

6), and post-transition state dynamics (Chap.3). Chap.2 described the algorithms of

computer program which couples classical trajectory chemical dynamics code (VENUS)

and electronic structure code theory (NWChem). The trajectories are propagated in

VENUS and NWChem provides the energy and its gradient which is needed for the prop-

agation. This computer program was developed in a way which VENUS and NWChem

were ”tight” coupled with each other and there is only one executable. Since VENUS is a

sequential program and NWChem could run parallel, therefore the coupled VENUS/N-

WChem undergoes ”sequential-parallel” depending on which function of the program is

invoked.

All of the direct dynamics simulations studies in this dissertation have involved adiabatic

gas-phase processes electronic dynamics on a single electronic state. This limitation leads

to two directions of research that I would like to pursue in the figure.

1. Condensed phase chemical processes: A very large amount of the chemical

reactions happens in the condensed phase rather than gas phase. A proper QM/MM

simulation would be a good approach to tackle this problem. There are three types of

97



Texas Tech University, Rui Sun, Dec 2014

atomic interactions that need to be taken care of, (atoms in) solute, (atoms in) solute-

(atoms in) solvent and (atoms in) solvent-(atoms in) solvent. The first and last interac-

tions are calculated using quantum mechanism and molecular mechanism, respectively

and the interaction between (atoms in) solute-(atoms in) solvent could be calculated ei-

ther way. In our group, a current project is to develop functions in VENUS that would

allow condensed phase simulation but there has not been an direct dynamics application

published yet.

2. Non-adiabatic direct dynamics: In classical trajectory simulation, the total en-

ergy should be conserved and the energy transfers between kinetic and potential. There-

fore the potential energy needs to be continuous and avoid crossing is not allowed in the

simulations. However, for some of the chemical systems (for example, the dissociation

of dioxetane which is shown in Chapter 2), it undergoes conical intersections and the

reaction follows more than one reaction pathways and they are on different electronic

states. In order to run meaningful simulation for those systems the QM methods need

to be aware of the PES and decide whether the trajectory falls in the region of a conical

intersection and whether a surface hooping should happen.

Both directions of research involves extensive programming and knowledge.
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