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Chapter 1

Introduction

1.1 Bimolecular nucleophilic substitution (SN2)

Bimolecular nucleophilic substitution (SN2) reactions are among the most prevalent

stereospecific reaction pathways in organic chemistry. [10, 11] Beside their sig-

nificance in preparative organic chemistry for interchanging functional groups and

forming carbon-carbon bonds, [12] SN2 reactions play a pivotal role in biochemistry.

Good examples are the carcinogenic effect of methylation reagents such as CH3Br,

or the biosynthesis of the neurotransmitter adrenaline, where, through S-adenosyl-

methionine, a methyl group is transferred within an SN2 step onto noradrenaline.

[13, 14] A general overall SN2 reaction in its simplest form can be written as

X− + CH3Y → CH3X + Y− (1.1)

where X− and Y (X, Y = F, Cl, Br, I, OH, CN, NH2, etc.), denote the nucleophile

reagent and the leaving group, respectively. Note that the hydrogen atoms of sub-

strate CH3Y can be partially substituted with alkyl groups.

Due to the fundamental importance of SN2 processes, there is a consider-

able intereset in understanding their detailed mechanism at the deepest atomistic

level. The reactive events usually begin with the attack of the nucleophile X− on the

methyl (CH3) side of CH3Y forming a pre-reaction ion-dipole complex X−· · ·H3CY

then the system goes through a central transition state [F· · ·CH3· · ·Y]−, where a

new X-C bond forms and the C-Y bond breaks, while the umbrealla motion around

the tetrahedral carbon center inverts the configuration. On the product side eventu-

1



1. INTRODUCTION

ally a post-reaction ion-dipole complex CH3X· · ·Y− forms, then the products depart.

One of the most important feature of the above reaction 1.1 is its stereospecifity,

referred to as Walden inversion of SN2 reactions - described in all basic organic chem-

istry textbooks and well-known to every chemist - which states that an inversion

always occurs resulting in a specific configuration of the product (CH3X), which is

the opposite of the reactant (CH3Y). One can apply the Cahn-Ingold-Prelog (CIP)

priority rules in order to follow the inversion by assignation of the carbon centers

with R/S descriptors. Note that the carbon atom is not strictly a stereocenter in

CH3Y and CH3Y, because the hydrogen atoms are identical; however, one can ar-

bitrarily number the hydrogens in a simulation.

Historically, the study of reactions involving nucleophile attack at the

carbon center has been initiated after the first fenomenological obervation of the

configuration inversion by Walden in 1893. [15, 16] Walden converted (+)-malic

acid to (−)-chlorosuccinic acid by the action of phosphorus pentachloride (PCl5).

It required many years of experimental investigation, including the critical studies

by Kenyon and Phillips [17] and by Hughes et al., [18] in order to establish un-

equivocally that bimolecular nucleophilic substitution is accompanied by inversion

of stereochemical configuration. Later Hughes and Ingold suggested the division of

nucleophile reactions into two distinct classes, SN2 and SN1, which are characterized

by being kinetically of second and first order, respectively. Note that the latter

mechanistic scene is qualitatively different from the title SN2 reactions, essentially

being determined by the heterolytic dissociation of CH3Y. In the 1970s a large num-

ber of SN2 reactions were studied by Böhme and co-workers [19, 20, 21] and by the

research group of Brauman [22, 23, 24, 25], followed by numerous work using various

techniques like flowing afterglow [26, 27] combined Fourier transform and cyclotron

resonance [28], static high-pressure cells [29, 30], and drift cells [31].

Based on this early studies, in 1977 Olmstead and Brauman envisioned for

the energetics of the gas phase SN2 reactions a double-well potential profile consis-

tent with the above described concerted mechanism characterized by a synchronous

bond formation and bond cleveage. [24, 32] The reaction path potential for the F−

+ CH3Cl SN2 reaction is illustrated in Fig. 1.1. According to this widely accepted

concept a pre-reaction ion-dipole complex X− · · ·CH3Y and a post-reaction ion-

dipole complex XCH3 · · ·Y− is stabilised in the entrance- and exit-channel minima,

2



1.1 Bimolecular nucleophilic substitution (SN2)

Figure 1.1: Double-well potential energy profile of the F− + CH3Cl SN2

reaction in C3v symmetry - The energies were computed at the MP2/aug-cc-pVDZ

level of theory and are relative to F− + CH3Cl(eq). ∆Hsubst and ∆HC denote the

reaction heat and the reaction barrier, respectively, while ∆HR and ∆HP mean the

complexation energy of the pre- and post-reaction complexes relative to the reactants

and products, respectively.

respectively, which are separated by a barrier corresponding to the transition-state.

After the formation of the pre-reaction complex with a rate constant of k1 it can

regenerate the reactants (k−1) or it may overcome the central reaction barrier (k2)

and isomerise to the post-reaction complex. This may recross via the barrier (k−2)

or it breaks into the products (k3). In case of SN2 reactions with a central barrier

higher than the reactant asymptotic limit (e.g. Cl− + CH3Cl) crossing of the central

barrier is rate determining. On the other hand, for highly exothermic reactions (e.g.

F− + CH3Cl) which have a central barrier lower than the energy of the reactants,

the association of the reactants is the rate-controlling step. The relative shape of

the potential wells strongly depends on the nature of nucleophile and leaving group.

Generally, as an SN2 reaction becomes more exothermic the height of the central

barrier decreases steadily. [33, 34]

3



1. INTRODUCTION

Traditionally, SN2 reactions are treated within the standard statistical the-

ories. (Note that the term ’statistical’ means that the rate constant depends on the

statistical partition function.) The transition state theory (TST) [35, 36], used to

calculate thermal rate constants, assumes that a trajectory crossing the barrier does

not recross and there is no return to reactants. The microcanonical variational sta-

tistical reaction rate theory of Rice−Ramsperger−Kassel−Marcus (RRKM) [37, 38]

assumes that the energy redistribution is fast on the time scale of the reaction and

a transition state can be properly defined. Again it is assumed that recrossing of

the central barrier does not occur. SN2 reactions usually can be treated statistically,

because the deep well of the reactant complex enables formation of a true reactive

intermediate in which energy redistributes before reaction. Although, statistical

theories have been used succesfully to explain the kinetics of many SN2 systems, es-

pecially the larger and complex ones (e.g. cyano- or benzyl-substituted alkyl halides

[39, 40]), significant deviations from the assumptions of the statistical theories have

been observed. Chemical dynamics simulations by Hase and co-workers with an

analytical PES [41] and by MP2/6-31G* direct dynamics [42] have shown that the

SN2 trajectories of the Cl− + CH3Cl identity reaction recross the central barrier,

leading to reduced reaction rates. [43, 44]

Another issue which causes nonstatistical behavior is related to the ineffi-

cient redistribution of the energy between the inter- and intramolecular modes of the

pre-reaction complex. The intermolecular modes of the complex are closely related

to the translational and rotational modes of the reactants, whereas the intramolec-

ular modes are related to molecular vibrations, which are necessary to overcome

the barrier. Due to this bottleneck to energy transfer, the reaction outcome is very

sensitive to the initial location of the energy. Viggiano et al. found experimental

evidence for this kind of nonstatistical behavior in case of the Cl− + CH3Br reaction,

which is less likely to react with increasing relative translational energy of the re-

actants. [45] Additionally, dynamics simulations performed by Hase and co-workers

support this poor energy transfer to the vibrational modes. [46]

Halogen exchange SN2 reactions have been studied extensively both ex-

perimentally [45, 47, 48, 49, 50, 51, 52] and theoretically [44, 51, 52, 53, 54, 55] and

the literature is really widespread. Therefore, here we focus specifically on previous

studies involving the prototypical F− + CH3F and F− + CH3Cl reactions.

4



1.1 Bimolecular nucleophilic substitution (SN2)

The symmetrical thermoneutral reactions, such as F− + CH3F are of

central importance in characterizing the potential energy surface, because their re-

activity reflects the intrinsic SN2 barrier in the absence of a termodynamical driving

force. [43, 56, 57] The gas-phase activation barrier is a fundamental property of

the nucleophile and can be used to characterize the reactivity in absence of sol-

vation effects in a more general sense. Unfortunately, there is only one naturally

abundant fluorine isotope; thus, the prospects of an experimental study are limited.

Although, this difficulty may eventually be overcome using a short-lived radioactive

isotope of fluorine (18F), as demonstrated by Matsson et al. [58], the identity halo-

gen exchange reactions are still difficult to study experimentaly as they are known to

proceed very slowly, [43] having barriers close to the energy of the reactants. These

facts call for computer based theoretical simulation of the F− + CH3F system. The

first high-quality ab initio calculations were performed by Wladkowski et al. using

electron correlation methods up to MP4 and CCSD(T) and employing large Gaus-

sian basis sets. [59] Their predictions for the complexation energy and the intrinsic

reaction barrier were −13.6 ± 0.5 and 12.8 ± 1.5 kcal mol−1. The same quantities

were computed also by means of the modified G2 [60, 61, 62, 63], and the W1/W2

[34, 64] predictive methods by additive inclusion of diffuse functions, higher levels of

correlation, zero-point vibrational energy and empirical corrections. However, the

inclusion of empirical parameters spoils the systematic ab initio convergence and

prediction of exact energetics. Moreover, density functional theory was found to

substantially underestimate the barrier height. [65, 66, 67, 68] Gonzales et al. re-

examined the stationary points of several SN2 reactions [67, 68, 69] including the F−

+ CH3F and F− + CH3Cl reactions through focal point analyses by extrapolation

to the one-particle limit for the HF and MP2 energies using basis sets of up to aug-

cc-pV5Z quality, inclusion of electron correlation [CCSD and CCSD(T)] with basis

sets of aug-cc-pVTZ, and addition of auxiliary terms for core correlation and scalar

relativistic effects. As a result, the net activation barrier and the complexation en-

ergy for the F− + CH3F SN2 reaction turned out −0.81 and −13.73 kcal mol−1,

respectively. [68] Furthermore, intrinsic reaction coordinate computations carried

out for the F− + CH3F reaction revealed that the traditional back-side attack and

the front-side attack pathways involve the same ion-molecule complex. [62, 65, 70]

Interestingly, no dynamical simulations were performed for the F− + CH3F system,
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except the early attempt of Basilevsky and Ryaboy to explain the low reactivity of

F− with CH3F using quantum dynamical calculations within the collinear collision

approximation. [71] All in all, the above theoretical results offer only limited assis-

tance in resolving the issue of fluoride intrinsic reactivity and dynamical simulations

are needed.

In contrast, the F− + CH3Cl system gained more attention from both

experimental and theoretical point of view. First of all, the PES for the F− +

CH3Cl SN2 reaction is different from the traditional PES with C3v stationary points

as depicted in Fig. 1.1. The C3v ion-dipole complex has been believed to be the

global minimum at the pre-reaction side of the PES; however, the detailed theoreti-

cal study of the PES by Ervin and co-workers identified a hydrogen-bonded complex

of Cs symmetry, which is lower in energy than the traditional ion-dipole complex.

[72, 73] Although, the hydrogen-bonded may help to stabilize the SN2 pre-reaction

intermediates the reaction is non-statistical because the lifetime of the prereactive

complex is too short for complete energy randomization to occur. [74, 75]

After the pioneering experimental studies adressed to determine the rate

constant of the F− + CH3Cl SN2 reaction [23, 32, 52, 56] much effort has oriented to-

ward the dynamical and mechanistic interpretation of the results. Guided ion beam

tandem mass spectrometry techniques were used in a wide collision energy range by

Ervin and co-workers to investigate the exothermic forward F− + CH3Cl SN2 re-

action, the competing proton-abstraction (HF + CH2Cl−) and chlorine-abstraction

(FCl− + CH3) channels, as well as the reverse endothermic Cl− + CH3F SN2 reac-

tion. [72, 73] The measured treshold energies of the proton and chlorine abstraction

reactions are 23± 2 and 41± 9 kcal mol−1, respectively. [72]

Ab initio calculations were carried out to examine the stationary points of

the PES using the modified G2 [33, 60] method and variants of the W1/W2 [34, 64]

procedures, with reference geometries obtained at MP2/6-31+G* and B3LYP/cc-

pVTZ+1 level of theory, respectively. Botschwina et al. reported geometrical param-

eters, relative energies and harmonic vibrational frequencies of the traditional SN2

stationary points obtained via CCSD(T) calculations using large basis sets (aug-cc-

pVQZ for C, F and Cl, aug-cc-pVTZ for H). [76] High-quality estimates of Gonzales

et al. (see details above) for the net activation barrier, entrance and exit channel

ion-molecule complexation energies and the reaction heat of the F− + CH3Cl SN2

6
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reaction are −12.2, −15.59, −9.51 and −30.69 kcal mol−1, respectively. [67, 69]

Hase and co-workers performed chemical dynamics simulations using an

analytical PES obtained by fitting about 1000 energy points calculated at MP2/6-

311++G(2df,2pd) level of theory. [74, 77] Although, the overall experimental rate

constants were reproduced, they concluded that the statistical models are insuffi-

cient for the correct description of the reaction and further dynamical simulations

are required. The same authors found that the exothermicity is partitioned pref-

erentially into product vibration in disagreement with a previous experiment. [78]

Energy partitioning in the products after the near-collinear collision of the reactants

was investigated also by Tachikawa and Igarashi via direct dynamics simulations at

HF/3-21+G(d) level of theory. [75, 79, 80] Car−Parrinello molecular dynamics sim-

ulations at 300 K showed the presence of a stable pre-reaction hydrogen-bonded

complex and confirmed the excitation of the C-F stretching and other vibrational

modes. [81] In addition, theoretical studies regarding the effect of microsolvation

on the F−(H2O) + CH3Cl reaction [82, 83] indicate smaller rate constants than in

gas-phase and inverse kinetic isotope effects in agreement with experimental results.

[84]

1.2 Structure of the thesis

The thesis is organized into nine separate chapters. In the first Chapter we intro-

duced the bimolecular nucleophilic substitution reactions and presented their specific

mechanistic and dynamical features, based on previous experimental and theoretical

studies.

Chapters 2 and 3 present the theoretical and computational background

and provides a functional understanding of the topics. In Chapter 2 the concept of

potential energy surface and the electronic structure methods are briefly discussed,

followed by the details of potential energy surface development with special empha-

sis on the choice of the nuclear configurations and the level of electronic structure

theory, as well as the representation of the energy points with analytical functions.

Chapter 3 focuses on the detailed description of the advanced dynamical simulation

methods and their technical implementations. The initial conditions and the anal-

ysis of the products of the trajectory simulation are addressed separately.

7



1. INTRODUCTION

Chapter 4 goes into the details of potential energy surface construction

on the example of the two prototypical F− + CH3Y [Y = F, Cl] halogen exchange

SN2 reactions. The properties of the fitted analytical potential energy surfaces are

checked against high-level benchmark ab initio data. In Chapter 5 we explore the

atomistic dynamics of these prototypical halogen exchange SN2 reactions which pro-

ceed via competing complex-mediated indirect, direct rebound, direct stripping and

proton-transfer mechanisms depending on the relative energy and initial orientation

of the reactants. In Chapter 6 we shed light for the first time on the rotational

mode-specific dynamics of SN2 reactions involving symmetric top molecules. Chap-

ter 7 is devoted to uncover the dynamical features of configuration-retaining SN2

mechanisms. Furthermore, the recently discovered double-inversion is explored via

exciting animations. Possible generalisation of the retention mechanisms is also

highlighted.

In Chapter 8 the impact of the leaving group on the gas-phase dynamics

of SN2 reactions is clarified in a combination of experiment and chemical dynamics

simulation. In final Chapter the main achievements are summarized and currently

ongoing projects and further possible applications are outlined.

8



Chapter 2

Potential energy surface

development

2.1 Concept of potential energy surface

The Potential Energy Surface (PES) is ubiquitos in chemistry [85, 86], widely used

in molecular spectroscopy, transition state theories of chemical kinetics and reaction

dynamics to describe the motion of atomic nuclei. The concept of chemical PES was

founded by R. Marcelin in his dissertation in 1915 [87]; however, the first semiem-

pirical PES was calculated by H. Eyring and M. Polanyi in 1931. [88] It is based on

the Born−Oppenheimer approximation [89] (Section 2.1.1), which allows the sep-

aration of the electronic degrees of freedom from those of the atomic nuclei in the

time independent Schrödinger equation, and solved independently. The solution of

the electronic part at all possible nuclear configurations results a map where a single

set of coordinates defines a single electronic energy. For diatomics, the electronic en-

ergy (plus nuclear repulsion) as a function of the internulcear distance gives a curve,

called Potential Energy Curve (PEC), whereas for polyatomic molecules the PES is

a complicated hyper-dimensional function with 3N − 6 degrees of freedom, where

N is the number of atoms (N > 2). Once the PES is obtained, nuclear properties,

such as (ro)vibrational energy levels of molecular systems and cross sections, rates,

etc. of reactive systems can be obtained by solving the nuclear motion problem.

9



2. POTENTIAL ENERGY SURFACE DEVELOPMENT

2.1.1 The Born−Oppenheimer approximation

The Born−Oppenheimer (BO) approximation [89], which separates the motion of

fast electrons and slow nuclei, restricts the motion of the nuclei to a single usually

ground electronic state. Due to the mass difference the electrons adjust instanta-

neously their motion to the displacements of the nuclei.

The wavefunction (Ψ) and total energy (Etot) of an isolated molecular sys-

tem is obtained by the solution of the non-relativistic, time-independent Schrödinger

equation

ĤtotΨ = EtotΨ (2.1)

where the complete Hamiltonian operator is the sum of kinetic and potential energy

operators in terms of the position vectors of the electrons (r) and the nuclei (R)

Ĥtot = T̂e(r) + T̂n(R) + V̂ee(r) + V̂ne(R, r) + V̂nn(R) (2.2)

where T̂e and T̂n are the kinetic energy operators of the electrons and nuclei, re-

spectively, while V̂ee, V̂ne and V̂nn include all the electron-electron, electron-nucleus

and nucleus-nucleus interactions, respectively. For a system with Nn nuclei and Ne

electrons the Hamiltonian operator expands to (using atomic units)

Ĥtot = −
Ne∑
i=1

1

2
∇2
i −

Nn∑
j=1

1

2Mj

∇2
j +

1

2

Ne∑
i 6=i′

1

rii′
−

Nn∑
j

Ne∑
i

Zj
rij

+
1

2

N∑
j 6=j′

ZjZj′

Rjj′
(2.3)

where Mj and Zj denote the mass and atomic number of the jth nucleus, respec-

tively. The distances between the particles are written as rii′ = |ri−r′i|, rij = |ri−Rj|
and Rjj′ = |Rj −R′j|.

The BO approximation assumes fixed nuclei in space, the electrons being

governed by the so-called electronic Schrödinger equation

Ĥeψ(r,R) = Ee(R)ψ(r,R) (2.4)

where Ĥe contains all the terms in 2.3 except the nuclear kinetic energy, which is

taken independent from the electrons and the nuclear-nuclear repulsion is a constant

for a fixed geometry:

Ĥe = T̂e(r) + V̂ee(r) + V̂ne(R, r) + V̂nn(R) (2.5)
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2.1 Concept of potential energy surface

ψ(r,R) and E(R) are the adiabatic eigenfunctions and eigenvalues for a given ith

electronic state. The eigenfunctions are chosen to form an orthonormal complete

basis set ∫
ψ∗i (r,R)ψj(r,R)dR = δij =

{
1; if i = j

0; if i 6= j
(2.6)

It should be emphasized that the eigenvalues are parametric functions of the nuclear

coordinates. Consequently, the function representation of the eigenvalues (Ee(R))

computed at several nuclear arrangements will constitute the potential energy sur-

face for further nuclear motion computations.

Since the set of eigenfunctions is complete it is possible to expand the

total wavefunction as

Ψ(r,R) =
∞∑
i=1

Φi(R)ψi(r,R) (2.7)

where the Φi(R) nuclear wavefunctions are the expansion coefficients, which de-

pend only on the nulcear coordinates R. Substituting the above expansion into the

Schrödinger equation (2.1) and making use of 2.4 one obtains the following coupled

equations

∞∑
i=1

[
T̂n(R) + Ĥe(r,R)

]
Φi(R)ψi(r,R) = Etot(r,R)

∞∑
i=1

Φi(R)ψi(r,R) (2.8)

Considering the fact that ψi(r,R) are orthonormal, if 2.8 is multiplied by ψ∗i (r,R)

and integrated over the electron coordinates the right term in 2.8 becomes

∞∑
i=1

∫
ψ∗i (r,R)Etot(r,R)Φi(R)ψi(r,R)dr = Etot(r,R)φj(R) (2.9)

while the second term on the left of 2.8 is reduced to
∞∑
i=1

∫
ψ∗i (r,R)Ĥe(r,R)Φi(R)ψi(r,R)dr = Ej(R)φj(R) (2.10)

Using the Leibnitz’s law for T̂n(R) = ∇2
n (the variable dependence is omitted for

compactness)

∇2
n (Φiψi) = Φi∇2

n (ψi) + ψi∇2
n (Φi) + 2∇n (ψi)∇n (Φi) (2.11)

after rearrengements equation 2.8 becomes(
∇2

n + Ej
)

Φj +
∞∑
i=1

ΛjiΦj = EtotΦj (2.12)
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2. POTENTIAL ENERGY SURFACE DEVELOPMENT

where Λji contains the non-adiabatic coupling elements. In the BO approxima-

tion the Λji matrix elements are neglected, resulting in a mass-independent PES.

The approximation in which some of the diagonal terms Λii are retained is called

Born−Oppenheimer diagonal correction (DBOC). Because of the mass dependence

of the Λii terms the PES is also mass-dependent in the adiabatic approximation.

If some of the off-diagonal terms are also considered the approximation is called

non-adiabatic. These terms are particularly important for the description of photo-

chemical processes, which involve motion on multiple potential energy surfaces and

transitions between them.[90, 91]

Technically, the electronic Schrödinger equation (Eq. 2.4 ) is solved as a

first step and with the PES in hand one can perform dynamical simulations using

Eq. 2.12 in order to get the total internal (i.e (ro)vibrational) molecular energy

(Etot).

2.1.2 Geometry optimization

A complete PES of full-dimensionality provides information about all possible struc-

tures and reaction pathways between them. The physico-chemical changes in a

molecular system are strongly related to some particular points (i.e. stationary

points) on the PES which include maxima, minima and saddle points. Among

them, the local and global minima are distinct, because they correspond to equi-

librium molecular structures (e.g. conformations). Any small displacement from

these stable states of the system results in a configuration with a higher energy.

The saddle points are the lowest energy barriers connecting minima and thus they

can be related to the chemical concept of transition state. Mathematically, at the

stationary points the derivative of the potential energy function, V (x = x1,x2, . . .)

with respect to each coordinate is zero

∂V (x)

∂x1

=
∂V (x)

∂x2

= . . . = 0 (2.13)

In order to distinguish the stationary points the so called Hessian matrix is con-

structed which contains the second order derivatives of V (x):

H =


∂2V (x)
x1x1

∂2V (x)
x1x2

. . .
∂2V (x)
x2x1

∂2V (x)
x2x2

. . .
...

...
. . .

 (2.14)
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2.1 Concept of potential energy surface

If the solution of the eigenvalue problem of the matrix H results only positive eigen-

values the stationary point is a minimum, whereas if one eigenvalue is negative and

all the others are positve it is called first order saddle point. To visualize the sta-

tionary points let us consider the prototypical gas-phase SN2 reaction between F−

and CH3Cl as shown in Fig. 2.1, where the potential energy is plotted on a contour

diagram as a function of the C-Cl and C-F distances, while the other internal co-

ordinates are relaxed, C3v symmetry being imposed. As the F− anion approaches

the CH3Cl (large C-F and short C-Cl distances) the system passes through a lo-

cal energy minimum which corresponds to the entrance channel ion-dipole complex.

Then, the energy rises to a maximum correspoding to the saddle point structure,

and finally falls to the global minimum where the exit channel ion-dipole complex

is formed.

The purpose of geometry optimization is to characterize the potential

energy surface by locating the stationary points involved in certain chemical path-

ways. Efficient geometry optimization requires sophisticated algorithms which can

be classified according to the highest order energy derivative used. The zeroth-order

methods (e.g. simplex method and sequential univariate method) does not use any

derivatives and are rarely employed because of the slow convergence of the coupled

coordinates. Derivatives are commonly used because they provide extra information

for minimization: the direction of the first derivative indicates the location of the

stationary point and length of the gradient vector indicates the steepness of the local

slope. Steepest descent is the simplest of the derivative methods, where the choice

of the direction where the potential function has minima is opposite to the gradient

(i.e. parallel to the net force) at a given xi point

g(xi) = ∇V (xi) (2.15)

The minimum is located iteratively

xi+1 = xi − λig(xi) (2.16)

where the step, λi is usually chosen so that g(xi) and g(xi+1) are othogonal. Un-

fortunately, it shows slow convergence close to the minima even with a good choice

of the starting point.

Inclusion of the second derivatives results very efficient and robust second-
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2. POTENTIAL ENERGY SURFACE DEVELOPMENT

Figure 2.1: Illustration of the stationary points - Two-dimensional cut of the

F− + CH3Cl → CH3F + Cl− SN2 reaction’s PES showing a local minimum and the

global minimum in the entrance and exit channels, respectively, and the first order

saddle point connecting them. The red curve corresponds to the minimum energy

path (MEP) of the reaction computed at the MP2/aug-cc-pVDZ level of theory.

order optimization algorithms, because the second derivatives provide extra infor-

mation about the change in direction of the function (i.e. curvature of the function).

The Newton−Raphson method is the most efficient and widely used second-order

procedure for optimizing geometries, which is based on the local quadratic approx-

imation to the multidimensional potential function by its Taylor expansion around

the current configuration, xi:

V (xi + ∆x) = V (xi) + ∆xV′(xi) +
1

2
∆xTV′′(xi)∆x + O(|∆x|3) (2.17)
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where ∆x is the small displacement needed to attain the target stationary point and

the first and second derivative terms correspond to the gradient vector, g(xi) and

Hessian matrix, H(xi) repectively. If we recall the optimization criteria (Eq. 2.13)

we have

∇V (xi + ∆x) = g(xi) + ∆xH(xi) + O(|∆x|2) = 0 (2.18)

Neglecting the small term O(|∆x|2) we obtain the following approximation for the

Newton−Raphson step:

∆x = −H(xi)
−1g(xi) (2.19)

The final position is obtained by updating the current position xi to xi + ∆x using

an iterative scheme

xi+1 = xi + ∆x = xi −H(xi)
−1g(xi) (2.20)

Computation of the inverse Hessian matrix in each step of the iteration can be rather

costly. Thus, the quasi-Newton methods start with an inexpensive approximation

to the Hessian, which is updated from the previous step employing sophisticated

algorithms.

In real applications the geometry optimization depends on a series of fac-

tors like choice of the coordinates, anharmonicity of the PES, step size control and

available mermory to store the Hessian or its inverse. Among these the choice of

the coordinate system allows the user to greatly improve the efficiency of the op-

timization. Cartesian coordinates are universal and used for energy and derivative

computations, but they are strongly coupled to each other and to the coordinates

of neighbouring atoms. Z-matrix internal coordinates are more advantegeous, be-

cause they are natural for chemical systems reflecting the connectivity of a molecule.

Moreover, the couplings between bond lenghts (streches), angles (bends) and di-

hedral angles (torsions) are much smaller than between Cartesian coordintes. In

addition, sometimes it may be necessary to perform constrained optimization (e.g.

scanning PES, reaction path following). Internal coordintes which are held constant

can be easily removed from the space of variables being optimized.

2.1.3 Normal mode analysis

The purpose of normal mode analysis is to calculate the vibrational frequencies,

characterize the stationary points and to obtain the zero-point energies. Once a sta-
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tionary point has been found by geometry optimization it must be checked by com-

putation of the vibrational frequencies. The normal mode frequencies correspond to

the simplest vibrations of a molecule (streching, bending, etc.). (A non-linear(linear)

molecule with N atoms has 3N − 6(3N − 5) normal modes.) The overtones and

combinations of these fundamental vibrations constitute the complex infrared spec-

tra of the molecule. In order to obtain the normal mode vibrational frequencies

the Hessian matrix (Eq. 2.14) has to be converted to the equivalent force-constant

matrix in mass-weighted coordinates, F by the following transformation

F = M−1/2HM−1/2 (2.21)

where M is a diagonal matrix containing the atomic masses. If the Hessian is

defined in terms of Cartesian coordinates then in case of a non-linear molecule six

of the λk eigenvalues of the matrix F are close to zero as they correspond to the 3

translational and 3 rotational degrees of freedom of the entire system. The frequency

of each normal mode is obtained from the eigenvalues

νk =

√
λk

2π
, k = 1, . . . , 3N − 6(3N − 5) (2.22)

Note that the eigenvectors show the directions of the normal modes. A minimum

on the PES has all the λk eigenvalues positve, whereas a first order saddle point

has one negative eigenvalue and thus one imaginary frequency, which corresponds

to the reaction coordinate. Besides indicating the nature of the stationary points,

the normal mode analysis provides the ZPE.

2.1.4 Reaction path following

By studying the stationary points of the PES one can calculate the enthalpy of the

reaction, the dissociation energy of the pre- and post-reaction complexes and the

barrier height between two close-lying minima on the PES. Furthermore, the nor-

mal mode frequencies computed at the stationary points can be used to obtain the

zero-point energy correction to the above thermochemical quantities. However, the

energy change of the reaction is only a thermodynamical indicator of the reactivity,

but we are also interested in the detailed mechanism of the chemical reaction by

following the rearrangement of the atoms. Essentially, we focus on the passage of
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the system from a minimum through a saddle point to another minimum on a PES.

The steepest descent or minimum energy path (MEP) is defined as the

lowest energy pathway from the first-order saddle-point downhill to the reactants

and products. [92] The MEP in mass-weighted coordinates is termed intrinsic reac-

tion coordinate (IRC) [93] which can be interpreted as a classical particle moving

with infinitesimal kinetic energy during the nuclear propagation. The saddle-point

is a maximum along this lowest energy reaction path and is associated with the

transition-state (TS) of the reaction and the difference between the TS energy and

the energy of the reactants is the activation energy barrier for the reaction. The

MEP of the F− + CH3Cl SN2 reaction is shown in Fig. 2.1.

The steepest descent reaction pathway, x(s) is defined as: [92]

dx(s)

ds
= − g(x(s))

|g(x(s))|
(2.23)

where s is the reaction coordinate, often called arc length along the path. The vector

of coordinates can be written as a Taylor series in terms of s

x(s) = x(s0) + v0(s0)s+
1

2
v1s2 + O(s3) (2.24)

where v0 and v1 are termed tangent and curvature vectors, respectively. Since Eq.

2.23 is an ordinary differential equation, standard numerical integration algorithms

can be used to obtain the reaction path. The simplest integrator is the Euler method

xi+1 = xi −
g(xi)

|g(xi)|
∆s = xi + v0

i∆s (2.25)

which is accurate only to the first-order according to the expansion 2.24, so the ex-

act MEP is achived only in the limit of infinitesimally small step size. Especially in

regions where the slope along the path is small or the curvature is large, the method

produces paths that oscillates across the valley, which is characteristic to stiff dif-

ferential equations. To overcome this problem Ishida, Morokuma and Komornicki

developed the Euler stabilization algorithm. [94] The second-order implicit method

of Gonzalez and Schlegel [95] and related methods [96] are also frequently employed

over the stiff regions of the MEP.

The above solutions for the MEP are stationary (i.e. time independent).

Of course, the rearrangements of the atoms in a molecular system has a time evolu-

tion on the PES which is different from the MEP. A molecule with sufficient energy
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can follow paths outside the MEP to some extent, thus in a dynamical interpretation

the reaction path is (only) an average over a collection of classical trajectories. This

alternative picture inspired the dynamic reaction path method [97] and the damped

Velocity Verlet approach [98], in which the nuclear propagation obeys the Newton’s

equations, but almost all of the kinetic energy is quenched at every step.

As a case study, the OH− + CH3F reaction has a [CH3OH· · ·F−] postreac-

tion hydrogen-bonded minimum. The IRC computation from the [HO· · ·CH3 · · ·F]−

central barrier transition-state leads to this global potential energy minimum. [99]

However, chemical dyanamics simulations revealed that most of the trajectories

(∼90%) initiated at the TS avoid this minimum and directly form products instead.

[100]

In conclusion, a more realistic and detailed description of a chemical reac-

tion can be obtained by classical or quasi-classical trajectory calculations as outlined

in Chapter 3.

2.2 High-level ab initio energy points

Representation of the potential energy function requires the computation of many

energy points. The simplest strictly ab initio approach to obtain the electronic

energy is the Hartree−Fock method. [101] However, in order to attain a higher level

of accuracy electronic correlation methods are employed.

In the following sections, the ab initio electronic structure methods and

basis sets used through our projects are discussed in brief.

2.2.1 Hartree−Fock theory

Hartree−Fock (HF) theory [101] is the simplest approximate method applied as

preliminary step during the advanced electronic structure computations, because

provides initial guess of the exact electronic wavefunction (ψ) used by the more

elaborate post-HF methods. In order to satisfy the antisymmetry principle the HF
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electronic wavefunction is described in a form of a Slater determinant

ψ ≈ ψHF(x1,x2, . . . ,xNe) =
1√
Ne!

∣∣∣∣∣∣∣∣∣∣∣

φ1(x1) φ1(x2) . . . φ1(xNe)

φ2(x1) φ2(x2) . . . φ2(xNe)
...

...
. . .

...

φN(x1) φN(x2) . . . φN(xNe)

∣∣∣∣∣∣∣∣∣∣∣
(2.26)

where Ne is the number of the electrons, xi denote three spatial and a spin coor-

dinate, while φi denote the spin orbitals, which are the product of a spatial orbital

and a spin function. If two electrons occupy the same orbital (e.g. φi = φj), then

ψ = 0 according to the Pauli exclusion principle. Now, we recall the expression for

the many-body Hamiltonian (Eq. 2.5) Ĥe, whose terms are classified for practical

reasons into zero-, one- and two-electron operators as follows:

Ĥe = Ĥ0 + Ĥ1 + Ĥ2 (2.27)

where

Ĥ0 = V̂nn(R) =
1

2

N∑
j 6=j′

ZjZj′

Rjj′
(2.28)

Ĥ1 = T̂e(r) + V̂ne(R, r) = −
Ne∑
i=1

1

2
∇2
i −

Nn∑
j

Ne∑
i

Zj
rij

(2.29)

Ĥ2 = V̂ee(r) =
1

2

Ne∑
i 6=i′

1

rii′
(2.30)

The Ĥ0 term is constant for fixed nuclear coordinates and only shifts the eigenvalues,

so we disregard it. The expectation value for the electronic energy corresponding

to the simplified Hamiltonian is obtained by solution of the stationary electronic

Schrödinger equation (Eq. 2.4), assuming the wavefunction is normalized:

Ee = 〈ψHF| Ĥe |ψHF〉 = 〈ψHF| Ĥ1 + Ĥ2 |ψHF〉 (2.31)

The first term on the right of 2.31 can be written as a sum of one-electron intergrals:

〈ψHF| Ĥ1 |ψHF〉 =
∑
i

h1(i) (2.32)

For simplicity we summarize the two-electron integrals as

〈ψHF| Ĥ2 |ψHF〉 =
1

2

∑
i,j

(Jij −Kij) (2.33)
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where we introduced the Coulomb and exchange integrals defined as

Jij =
〈
φ∗i (x1)φ∗j(x2)

∣∣ 1

r12

|φi(x1)φj(x2)〉 (2.34)

and

Kij =
〈
φ∗i (x1)φ∗j(x2)

∣∣ 1

r12

|φj(x1)φi(x2)〉 (2.35)

respectively. According to the variational theorem the electronic energy is al-

ways an upper bound to the exact energy. Hence, we minimize the electronic en-

ergy functional Ee[φ1, φ2, . . .] by varying the spin-orbitals. At stationary condition

(δEe/δφi = 0; i = 1, 2, . . .) we obtain the following coupled eigenvalue equations[
ĥi +

∑
j

(2Ĵj − K̂j)

]
|φi〉 =

∑
j

εji |φj〉 (2.36)

The energy is invariant under the unitary transformation of the spin-orbitals. Thus,

we can employ the transformation matrix obtained by the diagonalization of matrix

ε to decouple Eq. 2.36 and derive a set of one-electron equations for each spin orbital

i

F̂ |φi〉 = εi |φi〉 (2.37)

called the Hartree−Fock equation and the operator F̂ called Fock operator.

Based on the Linear Combination of Atomic Orbitals (LCAO) approxima-

tion each molecular orbital (MO) {φi} can be expanded in terms of atomic orbital

(AO) basis functions {χα}

|φi〉 =

Nbasis∑
α

Cαi |χα〉 (2.38)

where Cαi are the MO expansion coefficients and Nbasis denotes the number of basis

functions. Substituting the expansion to the HF equation leads to

F̂

Nbasis∑
α

Cαi |χα〉 = εi

Nbasis∑
α

Cαi |χα〉 (2.39)

which left multiplied by 〈χβ| leads to the Roothan−Hall pseudo-eigenvalue equations∑
α

FβαCαi = εi
∑
α

SβαCαi (2.40)

or in a matrix notation

FCi = εiSCi (2.41)
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where we introduced the

Sβα = 〈χβ|χα〉 (2.42)

Fβα = 〈χβ| F̂ |χα〉 (2.43)

notations for the overlap and Fock matrix elements, respectively. Since F depends

on all the occupied MOs, equations 2.41 must be solved iteratively employing the

so called self-consistent field (SCF) procedure. The orbital energy can be expressed

using Eq. 2.37 as

εi = 〈φi| F̂ |φi〉 = hi +
Ne∑
j

(Jij −Kij) (2.44)

It should be emphasized that the total electronic energy is not identical to the sum

of orbital energies, because the latter counts twice the electron-electron repulsion.

Hence, we have to substract the average repulsion of the electrons. The total elec-

tronic energy can be calculated by adding the nucleus-nucleus interaction Vnn

Ee =
Ne∑
i

εi −
1

2

Ne∑
i

Ne∑
j

(Jij −Kij) + Vnn (2.45)

Despite the fact that HF theory often provides accurate results for equilib-

rium molecular properties (e.g. geometries) it has the shortcoming of neglecting the

correlation between electrons by assuming a single-determinant form of the wave

function. Each electron is subjected to an effective potential due to the average

positions of all electrons, neglecting the instantaneous or correlated motions of the

electrons, which leads to large deviations from experimental results. Therefore, HF

theory is also referred to as mean field theory. Increasing the number of basis func-

tions we can improve the accuracy of the computed energies; however, our results

will converge to the HF limit and not to the exact solution of the Schrödinger equa-

tion. By definition, the electron correlation energy is the difference between the

exact energy and the energy calculated in the HF limit.

2.2.2 Møller−Plesset perturbation theory

The Møller-Plesset (MP) perturbation theory [102, 103] is one of the most widely

used post-HF ab initio methods which incorporate the electron correlation. Accord-

ing to the perturbation theory the unperturbed and perturbed Hamiltonians must
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be selected first. In standard MP theory the unperturbed Hamiltonian is chosen as

a sum over the Fock operators

Ĥ0 =
Ne∑
i=1

F̂i =
Ne∑
i=1

ĥi +
Ne∑
i=1

Ne∑
j=1

(Ĵij − K̂ij) =
Ne∑
i=1

ĥi + 2
〈
V̂ee

〉
(2.46)

where
〈
V̂ee

〉
represents the average electron-electron interaction. On the other hand,

the perturbed Hamiltonian can be expressed as

Ĥ =
Ne∑
i=1

ĥi +
Ne∑
i=1

Ne∑
j>i

(Ĵij − K̂ij) (2.47)

while the perturbation can be written as the difference of the two above Hamiltonians

Ĥ ′ = Ĥ − Ĥ0 =
Ne∑
i=1

Ne∑
j>i

(Ĵij − K̂ij)−
Ne∑
i=1

Ne∑
j=1

(Ĵij − K̂ij) (2.48)

which can be interpreted as the difference between the instantaneous and average

electron-electron repulsion. Therefore, this perturbation is often referred to as fluc-

tuation potential, because it measures the deviation from the mean of the electron

interaction.

The MP methods are denoted with the acronym MPn indicating the cor-

rection at order n. The zeroth-order energy can be obtained using the unperturbed

Hamiltonian and the HF determinant as zeroth-order wave function ψ0

E(0) = 〈ψ0| Ĥ0 |ψ0〉 = 〈ψ0| F̂i |ψ0〉 =
Ne∑
i=1

εi (2.49)

which turns to be the sum of orbital electron energies. The first-order correction to

the energy is given by

E(1) = 〈ψ0| Ĥ ′ |ψ0〉 = −1

2

Ne∑
i=1

Ne∑
j=1

〈ψ0| Ĵij − K̂ij |ψ0〉 = −1

2
(Jij −Kij) (2.50)

as the perturbation over the unperturbed wave function. Thus, the total energy at

MP1 level of theory is given as

E(MP1) = E(0) + E(1) = E(HF) (2.51)
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As can be seen, we obtained the HF energy derived in previous section. As MP1

does not advance us beyond the HF level, one can expect the inclusion of the corre-

lation effects only with second-order corrections.

The second-order correction to the zeroth order energy involves the ma-

trix elements of the perturbation operator between the zeroth-order wave function

and all the determinants. However, because of the two-electron character of the

perturbation operator, the matrix elements involving triple and higher excitations

are zero. Moreover, the matrix elements involving singly excited determinants (ψai )

are also zero according to the Brillouin’s theorem. The doubly excited determinants

(ψabij ) can be generated by promoting two electrons from occupied orbitals i and j

to virtual orbitals a and b. The formula of the second-order correction is written as

E(2) =
occ∑
i=1

occ∑
j>i

vir∑
a=1

vir∑
b>a

〈ψ0| Ĥ ′
∣∣ψabij 〉 〈ψabij ∣∣ Ĥ ′ |ψ0〉
E(0) − Eab

ij

(2.52)

The computational effort of the MP2 method scales roughly as N5 with system size

and accounts to almost 90% of the correlation energy. Higher-order perturbation

formulas for MP3, MP4, etc. exist; however these are computationally feasible only

for small systems. For example, the relative CPU-time of the MP2 : MP3 : MP4

computations in case of medium sized benzene molecule is 1 : 3 : 350. Moreover, if

the assumption of small perturbation is not valid (e.g. in case of a poor reference

single determinant) the MPn energies may diverge.

The MP2 method is considered very economical, often employed in our

projects for single-point computations and preliminary method for geometry opti-

mization and computation of molecular properties. Although, the MP2 method is

size-consistent, it may not be applicable for geometries far from equilibrium. Note

that the MP method is non-variational, so the energy can be lower than the exact

energy.

2.2.3 Coupled cluster theory

As it was demonstrated in conjunction with the MP perturbation methods, the

standard way to treat electron correlation is to generate determinants by promotion

of the electrons to the virtual orbitals. A pure mathematical approach would be the

Configuration Interaction (CI) method [101] which takes the linear combination of
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the HF ground-state wave function with singly, doubly etc. excited configurations

ψCI = c0ψ0 +
occ∑
i=1

vir∑
a=1

caiψ
a
i +

occ∑
i=1

occ∑
j>i

vir∑
a=1

vir∑
b>a

cabij ψ
ab
ij + · · · (2.53)

where the expansion coefficients can be determined variationally. Inclusion of all

possible configurations results the so called full CI (FCI) method, which is considered

a benchmark for approximate quantum chemical methods, because FCI results are

exact within the space spanned by a given basis set. However, FCI is only possible

for small molecules with a few electrons. Even if the expansion is truncated the CI

method converges very slowly because of the large number of configurations.

Another way to estimate the electron correlation is the Coupled Cluster

(CC) method [104, 105] introduced in the late 1960s by Cizek and Paldus. [106, 107,

108] CC is a powerful method based on the exponential ansatz of the wave function:

ψCC = eT̂ |ψ0〉 (2.54)

where ψ0 is a Slater determinant constructed from HF molecular orbitals. The

exponential operator can be expanded as a Taylor series

eT̂ = 1 + T̂ +
1

2
T̂ 2 +

1

6
T̂ 3 + . . . =

∞∑
k=0

1

k!
T̂ k (2.55)

with the excitation operator defined as

T̂ = T̂1 + T̂2 + T̂3 + · · ·+ T̂Ne (2.56)

where the T̂i operator acting on the reference wave function ψ0 generates all ith

excited Slater determinants

T̂1ψ0 =
occ∑
i

vir∑
a

taiψ
a
i (2.57)

T̂2ψ0 =
occ∑
i<j

vir∑
a<b

tabij ψ
ab
ij (2.58)

where the expansion coefficients, t are usually called amplitudes. Using the CC wave

function the Schrödinger equation becomes

ĤeT̂ |ψ0〉 = ECCe
T̂ |ψ0〉 (2.59)
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and the CC energy is obtained by left multiplying this equation with ψ0 and integrate

ECC = 〈ψ0| ĤeT̂ |ψ0〉 (2.60)

Inclusion of all excitations up to T̂Ne generates all excited determinants and the CC

result is equivalent to the FCI energy, [101] which is possible only for small systems,

therefore the operator T̂ must be truncated. Increasing the number of terms in T̂ one

can reach higher level of approximation. The lowest level of approximation which

gives improvement over HF is T̂ = T̂2 referred to as CC doubles (CCD), [109, 110]

and a more complete model is known as CC singles and doubles (CCSD) [109, 111]

with T̂ = T̂1 + T̂2. The scaling behavior of CCSD is n2
on

4
u, [112] where no and nu

are the numbers of occupied and unoccupied orbitals, respectively. The CCSDT

method [113] with T̂ = T̂1 + T̂2 + T̂3 is computationally demanding, which scales as

n3
on

5
u. [112] In order to reduce the computational costs the triples contribution is

evaluated by perturbation theory using the MP4 formula and added to the CCSD

result, ginving rise to the most robust and most commonly used CCSD(T) (CC sin-

gles, doubles and perturbative triples) method, [114] which involves a computational

cost scaling as n3
on

4
u. The (T) correction slightly overestimates the explicit triples

by an amount equal to the ignored quadruples, resulting in a favorable cancellation

of errors. The CCSD(T) method is very effective and sufficiently accurate, thus

considered a gold standard for single-reference calculations. Higher order hybrid

methods such as CCSDT(Q) [115] are also encountered in our projects, where the

connected quadruples contribution is estimated again by perturbation theory, but

these are feasible only with moderate basis sets.

In the novel explicitly correlated efficient F12 methods (MP2-F12 [116],

CCSD(T)-F12x (x = a, b) [117, 118]) additional terms are included in the wavefunc-

tion, which explicitly depend on the r12 electron-electron distances. The explicitly

correlated methods show improved basis set convergence compared to the standard

electron correlation methods. For example, on the expense of a CCSD(T)-F12x (x

= a, b)/aug-cc-pVDZ computation one can obtain CCSD(T)/aug-cc-pVTZ quality

or even better results.

The magnitude of the singles amplitude is an indicator of the quality of

the reference wave function. The T1-diagnostic has been suggested by Taylor and
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Lee [119] as a measure of the multireference character

T1 =

√√√√√ occ∑
i

vir∑
a

(tai )
2

Ne

(2.61)

If T1 < 0.02, the CCSD(T) method is expected to be suitable for single point energy

computations at least in a given part of the nuclear configurational space. A T1

value above 0.02 indicates that the wave function has significant multi-determinant

characater and suggests the use of multireference methods instead.

2.2.4 Basis sets

As it was outlined in connection with the Hartree−Fock Roothan method, in order

to perform HF computations for realistic systems the molecular orbitals φi are ex-

panded as a linear combination of basis functions χα centered at each atomic nucleus

within the molecule

|φi〉 =

Nbasis∑
α

cαi |χα〉 (2.62)

where cαi are the expansion coefficients. Efficient quantum chemical computations

are based on the careful choice of predefined basis sets. On the one hand, the exact

solution to the Schrödinger equation for the hydrogen atom suggests the use of

Slater-type orbitals (STOs) of the following form in Cartesian coordinates

χSTO
abc = Nxaybzce−ζr (2.63)

where N is a normalization constant, while a, b, c and ζ in the exponents are

parameters. On the other hand, Gaussian-type orbitals (GTOs) proposed by Boys

[120] in 1950, show similar exponential decay to STOs

χGTO
abc = Nxaybzce−ζr

2

(2.64)

and can be computed analytically, which is faster than the numeric integrals over

STO functions. However, GTO primitives have two major problems: the first deriva-

tive of GTOs at r = 0 is 0 (i.e. GTOs do not have cusp like STOs) and GTOs fall

too rapidly at large r. These problems can be corrected by the linear combination
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of GTOs concentrated around the nucleus (large ζ exponents) with diffuse GTOs

(small ζ exponents), in order to form contracted GTOs (CGTOs)

∣∣χCGTO
α

〉
=

Ncontr∑
α=1

dβα
∣∣χGTO

β

〉
(2.65)

where Ncontr denotes the length of the contraction and the contraction coefficients

dβα can be optimized simultaneously with the ζ exponents by the minimization of

the electronic energy and used for every atom of a given element regardless of the

molecular environment. Note that these parameters do not change over the course

of the computation.

The smallest basis set which describes all the electrons is called minimal

basis set, which means a single s-function for hydrogen and two s-functions and one

set of p-functions (px, py, pz) for the first row elements of the periodic table. The

minimal basis often referred to as single zeta (SZ) basis can be improved by doubling

the basis functions, leading to a double zeta (DZ) basis and so on. The STO-nG type

basis sets consist of n = 2−6 primitive GTOs in order to mimic the shape of STOs.

Since core electrons have less contribution to the chemical change than the valence

electrons Pople and co-workers [121, 122] designed the split valence type basis sets

indicated by the notation k-nlmG, where k is the number of GTOs contracted to

represent the core orbitals and nlm shows both the number of sets the valence shell

orbitals are split into (frequently referred to as inner and outer functions) and also

how many GTOs are used for their representation. For example, the 3-21G basis

set applied to the carbon atom with electronic occupation of 1s22s22p2 requires 3

GTOs for the 1s core orbital; 2 and 1 GTOs for 2s and 2s′ orbitals, resepctively; 2-2

GTOs for the (2px, 2py, 2pz) and 1-1 GTOs to represent the (2p′x, 2p
′
y, 2p

′
z) orbitals,

which means 9 contracted basis functions and 15 primitive GTOs. The basis sets

are usually augmented with diffuse and/or polarization functions. Diffuse functions

(GTOs with small ζ exponents) are essential for the accurate description of the wave

function far from the nucleus. e.g. in case of negatively charged ions with expanded

electron density, like nucleophiles in SN2 reactions. Polarization functions provide

more angular freedom and greatly improve the basis flexibility for representation of

bent bonds.

An improved family of basis sets were developed by Dunning [123, 124,

125], which are suitable for high-level computations. The cc-pVXZ notation is
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usually used, where X designates the degree to which the valence shell is split:

X = D, T, Q(4), 5, . . . indicating double-, triple-, quadruple, or quintuple-zeta,

respectively. The acronym ’cc’ indicates that this is a correlation-consistent basis,

while ’p’ denotes the polarization functions included on all atoms. The inclusion of

diffuse GTOs in order to improve the flexibility in the outer valence region leads

to augmented basis sets aug-cc-pVXZ, extensively used in our projects. We also

employ in all-electron type computations aug-cc-pCVXZ [126] basis sets, where ’C’

denotes tight s and p orbital functions to take into account the electron correlation

of the core orbitals. Note that cc-pVXZ-F12 basis sets [127] designed for explicitly

correlated F12 computations are similar in construction with aug-cc-pVXZ basis sets

(e.g. were created using diffuse functions), but show much improved convergence

toward the complete basis set limit.

For heavy atoms the core orbitals are replaced by an effective potential

term, called effective core potential (ECP) [128, 129] in order to drastically reduce

the number of basis functions needed to expand the large number of core orbitals.

ECPs are designed to treat the scalar relativistic effects which cannot be neglected

for atoms in the lower part of the periodic table, such in case of halogens with high

atomic number (Br and I), common participants of SN2 halogen exchange chemical

reactions.

2.2.5 Focal-point analysis (FPA)

The focal-point analysis (FPA) [130, 131] is a general three dimensional scheme

designed to obtain benchmark quality energetics by:

1. systematically improving the level of electron correlation

2. extrapolation of the basis set to complete basis set (CBS) limit

3. considering corrections like scalar relativity, core correlation and zero-point

energy.

In pursuit of thermochemical accuracy, the relative energies of SN2 reactions may be

determined by the extrapolation of energy differences thorough HF and MP2 levels

to the level of coupled-cluster theory including coupled cluster singles and doubles
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(CCSD), CCSD with perturbative triples [CCSD(T)], CCSDT with full triple exci-

tations, and CCSDT with perturbative quadruple excitations [CCSDT(Q)]. Correla-

tion energy contributions are strongly basis set dependent, but accurate energy con-

tributions can be obtained by extrapolation to the CBS limit (e.g. aug-cc-pCV∞Z)

using extrapolation formulas. The HF energies, EHF
n are extrapolated to the CBS

limit, EHF
∞ using [132, 133, 134]

EHF
n = EHF

∞ + a(n+ 1)e−9
√
n. (2.66)

For the all-electron MP2, CCSD, and CCSD(T) correlation energy increments, Ecorr
n

the CBS limits, Ecorr
∞ are obtained via [135]

Ecorr
n = Ecorr

∞ + bn−3. (2.67)

The above two-parameter (a and b) formulas are solved for the best two energies, usu-

ally n = 4 and 5. Note that CCSDT and CCSDT(Q) computations are feasible only

with moderate basis sets (e.g. aug-cc-pVDZ). Thus, the final FPA classical relative

energies are obtained as HF/CBS+δ[MP2]/CBS+ δ[CCSD]/CBS+δ[CCSD(T)]/CBS+

δ[CCSDT]+δ[CCSDT(Q)]+ ∆rel, where the symbol δ stands for the correlation en-

ergy increments with respect to the preceding level of theory, while ∆rel denotes the

scalar relativistic correction. By adding the harmonic zero-point vibrational energy

corrections to the classical values, one obtains the ground-state vibrationally adia-

batic relative energies. The effects of core-correlation are ususally taken into account

explicitly employing all-electron computations up to CCSD(T) or CCSDT level of

theory depending on the system size.

2.2.6 Choice of the ab initio level of theory

The accurate representation of potential energy surfaces with analytical functions

requires the computation of several thousands of ab initio energy points. Thus, the

careful choice of the ab initio method and basis set is essential in order to find the

balance between accuracy and the required computational effort. The accuracy of

the fitted PES depends on two factors: the accuracy of the fit, which is characterized

by the root-mean-square (RMS) error of the fit, and the accuracy of the ab initio

energy points, which is usually examined at the stationary points of the PES. More-

over, the standard ab initio methods employed in the computation of the energy
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Figure 2.2: Representative structures from the configuration space - Se-

lected structures for the X− + CH3Y [X/Y = F/F, F/Cl and OH/F] SN2 reactions

showing the definition of the internal coordinates (left). Schematic representation of

the potential energy surface for the X−+CH3Y → Y−+CH3X [X/Y = F/F, F/Cl and

OH/F] SN2 reactions showing the relative energies of the 15 configurations selected for

testing the different ab initio methods and basis sets (right). The actual values of the

internal coordinates and relative energies are given in the Supplementary Information

of Ref. [6].

points are usually tested for equilibrium and saddle-point properties (geometries,

harmonic frequencies, reaction heats etc.). At the same time, the trajectories can

follow reaction paths far from the stationary points of the multidimensional PES.

Thus, the preliminary test of the accuracy of the various ab initio levels of theory

away from the stationary points against highly accurate reference data is inevitable.

We have tested the performance of different ab initio methods and basis
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sets at 15 geometries covering the energy and configuration space of chemical im-

portance for several prototypical polyatomic reactions, including the X−+ CH3Y →
Y− + CH3X [X/Y = F/F, F/Cl and OH/F] SN2 reactions. [6] The geometries were

obtained by varying all of the independent internal coordinates, but keeping the

C3v and Cs point-group symmetries as seen in Fig. 2.2. The distribution of the

corresponding energies is also shown on the schematic energy diagrams in Fig. 2.2.

We have performed all-electron CCSD(T)-F12b/cc-pCVQZ-F12 computa-

tions at the 15 configurations for each reactions. These high-quality energies agree

with the corresponding CBS limit within 0.1 kcal mol−1 and are used as benchmark

reference data when we test the accuracy of the various ab initio methods and bases.

For the closed-shell SN2 systems we employed standard MP2 and CCSD(T) com-

putations based on single-configuration HF oribtals, as well as explicilty correlated

computations using the MP2-F12, CCSD(T)-F12a and CCSD(T)-F12b methods (see

Section 2.2). During the frozen-core (FC) computations only the valence electrons

are correlated, whereas the all-electron (AE) computations correlate the valence,

as well as the outer core electrons (1s2 for C, O, and F and 2s22p6 for Cl). The

aug-cc-pVXZ and aug-cc-pCVXZ [X = D, T and Q] basis sets were used for the

FC and AE computations, respectively. For the FC F12 computations both the

aug-cc-pVXZ [X = D and T] and cc-pVXZ-F12 [X = D and T] basis sets were em-

ployed, while for AE F12 compuations the cc-pCVXZ-F12 [X = D and T] basis sets

were used (see Section 2.2). According to the recommendations of the focal-point

analysis approach the various composite energies are obtained as

A/small + B/large− B/small, (2.68)

where A and B are an expensive and a less expensive method, respectively, while

small and large denote small and large basis sets. Equation 2.68 is expected to

provide A/large quality results on the expense of A/small and/or B/large compu-

tations, without actually performing the very expensive A/large computations.

The accuracy of a given method/basis set is characterized by the RMS

error defined as(
1

15

15∑
i=1

[Ei(method/basis)− Ei(AE-CCSD(T)-F12b/cc-pCVQZ-F12)]2

)1/2

(2.69)
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where each Ei is relative to the energy of the reactants obtained at the same level

of theory. The performance of the different standard, explicitly correlated F12 and

composite methods for the X− + CH3Y → Y− + CH3X [X/Y = F/F, F/Cl and

OH/F] SN2 reactions is shown in Fig. 2.3. Our findings and recommendations can

be summarized as follows:

• The HF method has extremely large errors of 1500-3000 cm−1 for the X− +

CH3Y [X/Y = F/F, F/Cl and OH/F] substitution reactions. Thus, it is not

recommended for dynamics simulations.

• The MP2/aug-cc-pVTZ level of theory gives surprisingly accurate results with

an average error of ∼200 cm−1 for the F− + CH3F and OH− + CH3F reactions

due to the favorable error cancelations. However, there is no major improve-

ment for the F− + CH3Cl reaction when the basis set is increased from the

aug-cc-pVDZ to aug-cc-pVTZ, characterized by an accuracy of ∼1000 cm−1

and ∼600 cm−1, respectively.

• The CCSD(T)/aug-cc-pVTZ method provides chemical accuracy, defined as

1 kcal mol−1 (350 cm−1). The average accuracy of this method is 250 − 450

cm−1 for all three SN2 reactions investigated. In case of F− + CH3Cl which has

the most core electrons, the AE-CCSD(T)/aug-cc-pCVTZ outperforms even

the FC-CCSD(T)/aug-cc-pVQZ level, with RMS errors of 236 and 241 cm−1,

respectively.

• The use of explicitly correlated methods is strongly recommended, because

the RMS errors of the CCSD(T)-F12 method with double- , and triple-ζ basis

sets are ∼200 and <100 cm−1, respectively. There is no clear preference be-

tween the aug-cc-pVXZ and cc-pVXZ-F12 basis sets and the F12a and F12b

methods.

• The composite ab initio methods are recommended instead of standard CCSD(T)

computations, because on the expense of MP2/aug-cc-pVXZ [X = T and Q]

computations on can get CCSD(T)/aug-cc-pVXZ quality results.

• The core correlation and scalar relativistic effects were also investigated and

found to vary in the ranges of 100 − 130 and 10 − 25 cm−1, respectively, for

the three SN2 reactions. [6]
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Figure 2.3: Ab initio methods test - RMS errors of different standard, explicitly

correlated F12 and composite ab initio methods for the X− + CH3Y → Y− + CH3X

[X/Y = F/F, F/Cl and OH/F] SN2 reactions. The RMS errors are based on 15

energy points, shown in Fig. 2.2, and are relative to the all-electron CCSD(T)-

F12b/cc-pCVQZ-F12 reference data. The composite energies are obtained as A/small

+ B/large − B/small, where methods A and B are given below the bars and the basis

sets small and large are indicated by different colors as shown in the panels. The en-

ergies and corresponding geometries are given in Tables S1-S6 in the Supplementary

Information of Ref. [6]

The above results provide practical guidance for choosing the most efficient ab initio

level of theory for full-dimensional PES developments even for larger systems because

the methods tested are size-extensive. According to the T1 diagnostics of the AE-
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2. POTENTIAL ENERGY SURFACE DEVELOPMENT

CCSD(T)/aug-cc-pCVQZ computations all the SN2 reactions investigated can be

sufficiently described by using single-reference ab initio methods, because as seen in

Fig. 2.4 the T1 values are below 0.02 at most of the geometries.

Figure 2.4: Multi-reference character - T1 diagnostics of AE-CCSD(T)/aug-cc-

pCVQZ at the 15 geometries as a function of the relative potential energies for the

X− + CH3Y [X/Y = F/F, F/Cl and OH/F] SN2 reactions. [6]

2.3 Analytical representation of the potential en-

ergy surfaces

In a dynamical simulation we could solve the electronic Schrödinger equation in each

step of the trajectory in order to obtain the potential energy and gradients; however,

this is computationally very demanding. Thus, we follow an alternate approach,

which generates the analytical representation of the potential energy surface in a

functional mathematical form. As a first step, we compute the potential energy

at many different configurations. Then, the ab initio data set is fitted by an

analytical function. The resulting potential energy subroutine (function) is capable

of evaluating the energy for a given set of molecular coordinates, whenever it is
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2.3 Analytical representation of the potential energy surfaces

necessary during the trajectory propagation. The details of PES representation is

discussed in the following sections.

2.3.1 Ab initio energy points

The PES development starts with the initial sampling of the nuclear configuration

space. The 104−105 energy points are chosen to cover the chemically relevant regions

of the PES, following a four step strategy developed based on our experience so that

alternative means may as well be appropriate:

1. For an N -atomic system n chemically relevant internal coordinates are intu-

itively identified and sampled using an n-dimensional grid, the other 3N−6−n
internal coordinates are kept constant at some values. For example, using an

equidistant grid with 10 grid points for each internal coordinte results 103

configurations in a 3-mode representation.

2. Usually 500 points are generated in the vicinity of the stationary points by

random displacement of the Cartesian coordinates.

3. In a similar manner to the above two procedures, energy points are generated

for the reactant and product molecules/atoms/ions too and the isolated species

are placed far from each other (typically 10 − 12 Å) in the entrance and exit

reaction channels to ensure the correct asymptotic behavior of the PES.

4. Finally, we always perform quasi-classical dynamical calculations in order to

find the badly-behaved regions (’holes’) on the PES due to the insufficient

sampling. Additional configurations in the vicinity of such regions are added

to the original dataset iteratively until a satisfactory PES is obtained. Note

that quantum dynamical simulations are even more sensible to the qualiy of

the PES, than classical ones, because the singularities on the predifined grid

can disipate the wave-packet. Moreover, we check the convergence of different

dynamical quantities such as reaction probability and integral cross section as

a function of the number of the energy points.
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2. POTENTIAL ENERGY SURFACE DEVELOPMENT

2.3.2 Full-dimensional fitting

The potential energy of an arbitrary polyatomic system cannot be represented by

a single exact analytical function. Thus, the actual potential energy function is

approximated by physically well-behaved mathematical functions. The ideal func-

tional form must have a sufficient number of fitting parameters to properly describe

the complex curvatures of the multi-dimensional PES, as well as correct asymptotic

behaviour. Nevertheless, we also require the invariance with respect to (a) transla-

tion, (b) rotation and (c) interchange of the identical nuclei. The conditions (a) and

(b) are automatically satisfied using internal coordinate systems. Several methods

have been proposed to enforce (c), the permutational symmetry of like atoms: trivial

symmetrization, monomial symmetrization, and invariant polynomial theory.

The simplest approach to impose permutational symmetry would be the

replication of the electronic energies for equivalent atomic configurations. Although,

the fitted PES could be numerically invariant to permutations of identical atoms,

the number of coefficients should be increased in order to properly represent the

additional data. For example, in case of the F− + CH3F system the number of per-

mutations is 2!3! = 12 and the enlarged dataset would be 12 times as large as the

original one, which is not feasible.

A better way to generate permutationally invariant PES is to use ba-

sis functions that naturally incorporates such invariance by design. The monomial

symmetrization [136, 137] is introduced first to provide a conceptual understanding

of the underlying theory. The coordinate system is the set of all internuclear dis-

tances rij which define uniquely the potential energy. For instance, if we label the

atoms in H2O triatomic molecule as O(1), H(2) and H(3) there are three internu-

clear distances: r12, r13 and r23. Using these internal cordinates, which are certainly

invariant to translational and rotational motion of the whole molecule, one can build

up Morse-type variables defined as

yij = erij/λ (2.70)

where λ is a parameter typically in the range 1.5 − 3.0 bohr, determined through

tests. However, the fits are usually not very sensitive to the precise value of λ.

The exponential nature of the Morse variable provides asymptotic behavior to the

potential functions at large atomic separations. The potential can be expanded in

36



2.3 Analytical representation of the potential energy surfaces

terms of the Morse variables for H2O as

V (y) =
N∑

n=0

CnS [yn12
12 y

n13
13 y

n23
23 ] ; n = (n12, n13, n23) (2.71)

where n12, n13 and n23 are integers. The polyad number m, calculated as the sum

over all the powers of yij, is subjected to the following constraint

m =
N−1∑
i=1

N∑
j=i+1

nij ≤ D (2.72)

whereD defines the order of the fit. The Cn coefficients can be determined employing

linear least squares fitting methods. S is a symmetry operator, which adds all

permutationally equivalent monomials. This can be easily proven if we fix the order

of the monomials, yn12
12 y

n13
13 y

n23
23 , and consider the permutation of the H(2) and H(3)

atoms, resulting yn12
13 y

n13
12 y

n23
32 , which can be rewritten as the original monomial with

permuted powers as yn13
12 y

n12
13 y

n23
23 . Accordingly, the potential function becomes

V (y) =
N∑

n=0

Cn [yn12
12 y

n13
13 y

n23
23 + yn13

12 y
n12
13 y

n23
23 ] ; n = (n12, n13, n23) (2.73)

Note that the terms in paranthesis have the same coefficient to ensure the explicit

invariance property. Equation 2.71 can be generalized for any N -atomic molecule

as

V (y) =
N∑

n=0

CnS
[
yn12

12 y
n13
13 · · · y

nK−1K

K−1K

]
; n = (n12, n13, . . . , n23, . . . , nK−1K), (2.74)

where K = N(N − 1)/2 means the total number of atom-atom coordinates. K is

higher than the number of independent internal coordinates (3N − 6) for N > 4;

however, it is advantageous to use the permutationally invariant set of yij (i =

1, . . . , N − 1; j = i+ 1, . . . , N) coordinates.

The second approach based on the invariant polynomial theory [136] is

numerically equivalent to the monomial symmetrization. However, it leads a more

compact representation of the PES and provides a more computationally efficient

function to evaluate. In this approach, the potential has the following form:

V (y) =
N∑
n=0

hn[p(y)]qn(y) (2.75)
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2. POTENTIAL ENERGY SURFACE DEVELOPMENT

where hm is an arbitrary polynomial of the primary invariant polynomials p(y)

and qm(y) denotes the secondary invariant polynomials. The number of primary

invariant polynomials is equal to the number of Morse variables, N(N − 1)/2 for

an N -atom system. These polynomials were generated for different molecule types

(molecules with the same permutational symmetry) using the computer algebra soft-

ware MAGMA, [138] collected into a Fortran library and employed in our projects.

For example, H2O and CO2 belong to the same molecule type A2B, while the

F−+CH3F and F−+CH3Cl systems belong to the A3B2C and A3BCD type, respec-

tively. The number of coefficients depends on the number of atoms, the permutation

symmetry and the degree of the fit. For example, fits of degree D = 5 and 6 result

for the above A3B2C/A3BCD molecule types 1842/5850 and 3313/10831 coefficients,

respectively.
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Chapter 3

Reaction dynamics

3.1 Quasiclassical trajectory method (QCT)

Reaction dynamics deals with the inter- and intramolecular motions during the

chemical change at the deepest atomistic level. Since the atomic nuclei are heavy

enough they can be treated as classical particles and their motion on a PES de-

scribed to a considerable extent with classical trajectory methods. However, for

a more accurate and complete theoretical description the quantum mechanical ef-

fects (quantization of energy, zero-point energy, tunneling, resonances) should also

be considered. Nevertheless, the numerical solution of the time dependent nuclear

Schrödinger equation for polyatomic systems (with more than 4 atoms) meets the

frontiers of feasibility even in reduced dimensions due to the large number of degrees-

of-freedom. [54]

The quasiclassical trajectory (QCT) method has been developed mainly

by Karplus and co-workers in 1960s, to include the quantum effects at least partially.

According to the standard quasiclassical methodology [139, 140, 141] quantum states

are assigned to the reactants and the internal energy of the classical system is cho-

sen to be identical to the (ro)vibrational quantum state energy. Similarly, one can

assign the (ro)vibrational quantum states of the product molecules with quantum

numbers.

Conceptually, two types of QCT simulations should be distinguished. Dur-

ing the so called direct dynamics computations [142] the energy points and gradi-

ents are computed on-the-fly at every desired nuclear configurations. Because of the
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3. REACTION DYNAMICS

large number of required computations, usually low-level electronic structure meth-

ods (HF, MP2, DFT, etc.) are employed which compromise the reliability of the

reaction dynamics simulation. A computationally more efficient approach is based

on analytical representation of the PES with functions fitted to many energy points.

Therefore, the key step of our reaction dynamics approach is the development of an

accurate PES as outlined in previous sections; this chapter is devoted to the detailed

presentation of the QCT method.

3.1.1 Equations of motion and trajectory propagation

During the quasiclassical trajectory study the motion of individual atoms is simu-

lated by solving the Newton’s equation of motion [143]

F = ma (3.1)

which rewrites into differential form in terms of the spatial coordinates of all parti-

cles, q and the potential energy, V (q)

− ∂V (q)

∂q
= m

∂2q

∂t2
(3.2)

By introducing the generalized coordinate, q and its conjugate momentum, p Eq.

3.2 becomes

− ∂V (q)

∂q
=
∂p

∂t
(3.3)

A completely equivalent formulation can be obtained in terms of the Lagrange func-

tion, L(q,p):
d

dt

∂L(q,p)

∂q̇
− ∂L(q,p)

∂q
= 0 (3.4)

which has the form of a second-order partial differential equation, where L(q,p) is

the difference between kinetic, T (q,p) and potential energy by definition

L(q,p) = T (q,p)− V (q) (3.5)

The Hamilton formalism consists of the numerical integration of the coupled, first-

order, partial differential equations:

dq

dt
=
∂H(q,p)

∂p

dp

dt
= −∂H(q,p)

∂q
(3.6)

40



3.1 Quasiclassical trajectory method (QCT)

which is also equivalent with Eq. 3.3. The Hamilton function of the system, H(q,p)

is expressed as the sum of kinetic and potential energy

H(q,p) = T (q,p) + V (q) (3.7)

The general feature of Lagrange and Hamilton formulation makes possible the use

of any set of non-redundant variables, unlike the Newton method which deals with

spatial coordinates and conjugate velocities.

However, in our algorithm Newton’s equation of motion is solved via a

robust integration scheme. The Verlet algorithm and its variants have achieved

widespread use in molecular dynamics. [144, 145] The preference of Verlet type

algorithms over the Runge-Kutta numerical methods used to solve the Lagrange

and Hamilton differential equations is that they are time-reversible, which ensures

the conservation of the total enegy (T + V ) if we follow the evolution of the system

at longer time-scales. In order to derivate the Verlet formula we consider the Taylor

expansion of the positions, one forward and one backward in time:

r(t+ ∆t) = r(t) + v(t)∆t+
1

2
a(t)∆t2 +

1

6
b(t)∆t3 + O(∆t4) (3.8)

r(t−∆t) = r(t)− v(t)∆t+
1

2
a(t)∆t2 − 1

6
b(t)∆t3 + O(∆t4) (3.9)

where v(t), a(t) and b(t) denote the velocity, acceleration and hyperacceleration,

respectively. Addition of the two equations leads to the receipe for the time evolu-

tion:

r(t+ ∆t) = 2r(t)− r(t−∆t) + a(t)∆t2 + O(∆t4) (3.10)

where a(t) is obtained from Newton’s equation 3.2:

a(t) = − 1

m
∇V (r(t)) (3.11)

Since the third derivates cancel the method yields coordinates that are accurate to

fourth order in ∆t. Unfortunately, it cannot explicitly provide velocities; however,

if required it can be obtained using the following finite central difference formula

v(t) =
r(t+ ∆t)− (r(t−∆t)

2∆t
+ O(∆t2) (3.12)

This shortcoming lead to the development of several algebraically equivalent variants

of the Verlet algorithm, which differ in what variables are stored in memory and how
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3. REACTION DYNAMICS

velocities are handled (e.g. the leap-frog algorithm). However, in our QCT code the

so called velocity Verlet algorithm is implemented which provides velocities directly:

r(t+ ∆t) = r(t) + v(t)∆t+
1

2
a(t)∆t2 (3.13)

v(t+ ∆t) = v(t) +
1

2
[a(t) + a(t+ ∆t)] ∆t (3.14)

While the truncation-error is a consequence of the theoretical formulation,

the round-off error which is related to the computer arithmetics should also be

considered. Fortunately, the standard Fortran double-precision data type ensures

minimum round-off errors on our workstations. Since time is discretized on a finite

grid, errors (especially the truncation one) can be reduced by decreasing ∆t, at the

same time the short time step means significant computational effort. A typical

value for the integration time step in our simulations is 0.0726 fs, which corresponds

to 3 atomic time units.

3.2 Initial conditions

3.2.1 Microcanonical normal mode sampling

In order to prepare the quasiclassical vibrational state of the polyatomic reactant

the vibrational energy is set by random distribution of the mode-specific vibrational

energy in the phase space of each normal mode.

Suppose we have an N -atomic non-linear polyatomic reactant with 3N−6

normal modes and the harmonic frequency of the kth normal mode is ωk. The

harmonic mode-specific vibrational energy is computed using the well-known formula

Evib,k = ωk(nk +
1

2
), (3.15)

thus, the total harmonic vibrational energy is given by,

Evib =
3N−6∑
k=1

Evib,k =
3N−6∑
k=1

ωk(nk +
1

2
). (3.16)

In ground state the vibrational quantum number of each normal mode is 0, conse-

quently the above equation gives the zero-point vibrational energy,

Evib,ZPE =
3N−6∑
k=1

1

2
ωk. (3.17)
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3.2 Initial conditions

Furthermore, the Hamiltonian of the system can be expressed as a function of the

normal coordinates, Q and momentum, P

H(Q,P) =
3N−6∑
k=1

P 2
k + ω2

kQ
2
k

2
. (3.18)

Qk and Pk are chosen to have random phase:

Qk =

√
2Evib,k

ωk
cos(2πRk) (3.19)

Pk =
√

2Evib,k sin(2πRk) (3.20)

where Rk ∈ [0, 1] is a real random number. It should be noticed that these definitions

for Qk and Pk satisfy Eq. 3.18.

Finally, the Q and P vectors are transformed from normal mode space

back to Cartesian coordinate, q and momenta, p using the normal mode eigenvector

L defined in Section 2.1.3

q = q0 + M−1/2LQ (3.21)

p = M1/2LP (3.22)

where q0 is the starting equilibrium geometry in Cartesian coordinates and M is

the diagonal mass matrix.

In order to perform thermally averaged computations each vibrational

quantum number is sampled from its probability distribution

P (nk) =
e−(nk+ 1

2
)ωk/kBT

Ωk

(3.23)

using the Neumann’s rejection method or the cumulative distribution function

3N−6∑
k=0

e−(nk+ 1
2

)ωk/kBT

Ωk

= R (3.24)

where kB, T and Ωk denote the Boltzmann constant, the termodynamic temperature

and the vibrational partition function, respectively, while R ∈ [0, 1] is a real random

number.
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3.2.2 Rotational sampling for symmetric top reactants

The classical angular momentum of polyatomic reactant (e.g. CH3Y) j = (jx, jy, jz)

is defined in terms of the mass, m and the center-of-mass Cartesian coordinates,

r = (x, y, z) and velocities, ṙ of each atom:

j =
N∑
i=1

ri ×miṙi (3.25)

where N denotes the number of atoms. Furthermore, one can construct the moment

of inertia tensor I from

Ixx =
N∑
i=1

mi(y
2
i + z2

i ), Iyy =
N∑
i=1

mi(z
2
i + x2

i ), Izz =
N∑
i=1

mi(x
2
i + y2

i )

Ixy = Iyx = −
N∑
i=1

mixiyi, Ixz = Izx = −
N∑
i=1

mixizi, Iyz = Izy = −
N∑
i=1

miyizi

(3.26)

Then, I is diagonalized and the resulting eigenvectors are used to transform the

molecule into the principle axis system (PAS), while from the diagonal elements

called principal moments of inertia (Ia, Ib and Ic) one can calculate the angular

velocity vector ω via

ωx =
jPAS
x

Ia
, ωy =

jPAS
y

Ib
, ωz =

jPAS
z

Ic
(3.27)

With ω0 calculated for the initial structure, one can adjust the velocities in order

to remove the preexisting spurious angular momentum

vi = v0
i − ω0 × qi (3.28)

where i denotes the ith atom. However, our aim is to perform initial quantum

state-specific simulations by setting the angular momentum according to specified

rotational quantum numbers.

According to the rigid-rotor approximation symmetric top molecules are

characterized by the J and K rotational quantum numbers. The length of the

classical angular momentum vector j is related to the J quantum number according

to (in atomic units)

j =
√
J(J + 1), (3.29)
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where j satisfies the following relation:

j =
√
j2
x + j2

y + j2
z . (3.30)

In (PAS) the K projection quantum number corresponds to the jPAS
x and jPAS

z

components of the angular momentum vector in case of prolate and oblate type

symmetric tops, respectively. In order to perform computations with fixed J and

K, the two remaining components of j should be sampled employing the following

expressions (if a prolate type symmetric top is assumed):

jPAS
y =

√
j2 −K2 sin(2πR) (3.31)

jPAS
z =

√
j2 −K2 cos(2πR) (3.32)

where R ∈ [0, 1] is a real random number. Then the similarity transformation

matrix obtained by the diagonalization of the moment of inertia tensor (I) is used

to transform the jPAS vector to the space-fixed Cartesian coordinate system, defined

during the QCT computation. The desired angular momentum, j is set by the

modification of the velocity vectors for each atom i

vi = v0
i + ω × qi (3.33)

ω = I−1j. (3.34)

When thermally averaged cross-sections are desired j and jz are sampled

using their Boltzmann distributions

P (j) = j exp(−j2/2IzkBT ) (3.35)

P (jx) = exp(−j2
x/2IzkBT ). (3.36)

where kB and T denote the Boltzmann constant and the thermodynamic temper-

ature, respectively. jx is usually sampled from P (jx) by the Neumann rejection

method, and j is sampled using the cumulative distribution function

j = (jx − 2IzkBT ln(1−R))
1
2 , (3.37)

while the jy, and jz components are obtained from equations 3.31 and 3.32, respec-

tively. Once the components of j are specified, the rotational energy is computed at

temperature T by

Erot =
3kBT

2
=
∑

α=x,y,z

j2
α

2Iα
(3.38)

in which Iα are the inertial moments.
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3.2.3 Correction of the internal energy

The Evib,k vibrational energy defined in Eq. 3.15 includes the potential energy

and the kinetic energy of mode k. However, because of the anharmonic nature of

the potential the normal modes are approximate and a spurious angular momentum

arises following the transformations 3.21 and 3.22. Subsequently, the internal energy

obtained after normal mode and rotational sampling (using Eq. 3.18) should be

modified in order to get the intended internal energy E0
int by scaling the actual

Cartesian coordinates and momenta iteratively:

qi = q0 + (qi−1 − q0)(E0
int/E

i−1
int )1/2 (3.39)

pi = pi−1(E0
int/E

i−1
int )1/2, (3.40)

where i denotes the ith iteration step.

3.2.4 Relative position and translational energy

In order to simulate the bimolecular collision of the reactants A(polyatom) and

B(atom) the relative position has to be defined. Firstly, the Cartesian coordinates

and velocities of A are randomly rotated in 3D space through the Euler rotation

matrix, R(θ, φ, χ)

q = R(θ, φ, χ)q0 (3.41)

p = R(θ, φ, χ)p0. (3.42)

Random angles θ, φ and χ are obtained via the folloving relations:

cos θ = 2R1 − 1 φ = 2πR2 χ = 2πR3 (3.43)

where R1, R2 and R3 ∈ [0, 1] are different real random numbers. After the random

orientation of A, its center-of-mass is set to the origin and B can be simply placed

in the x− y plane setting the Cartesian coordinates to

x =
√
s2 − b2 y = b z = 0 (3.44)

where b is called impact parameter and s is the initial distance between B and the

center of mass of A.

In order to make reactants A and B collide some relative translational
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(collision) energy, Ecoll is added satisfying the momentum and energy conservation

laws: {
mAvA = mBvB

1
2
mAv

2
A + 1

2
mBv

2
B = Ecoll

(3.45)

where mA and mB are the masses of A and B, respectively, while vA and vB are

the corresponding center-of-mass velocities. By introducing the reduced mass, µ

between A and B
1

µ
=

1

mA

+
1

mB

(3.46)

the velocities can be expressed as

vA =
1

mA

√
2µEcoll vB =

1

mB

√
2µEcoll (3.47)

vA is added to the x component of the velocity of each atom in polyatomic reactant

A and the velocity vector of atom B becomes (−vB, 0, 0), because in the above

embedding the y and z components of the velocities are zero by definition.

3.3 Final conditions

Results of the quasiclassical trajectory computations are subjected to rigorous ge-

ometrical considerations in order to distinguish between reactive and non-reactive

trajectories and also to assign the reactive ones to different reaction channels. The

final Cartesian coordinates and velocities are used to compute different properties

of the products such as relative translational energy, velocity scattering angle, ini-

tial attack angle, internal energy, vibrational and rotational energy. Sometimes, the

Cartesian coordinates at each step of the trajectory should be considered to compute

a property, e.g. transition-state (re)crossing.

Suppose the reactants X− and CH3Y can follow substitution (3.48) and

proton abstraction (3.49) reaction pathways:

X− + CH3Y → CH3X + Y− (3.48)

X− + CH3Y → CH2Y− + HX (3.49)

and x = (x, y, z) and ẋ = (ẋ, ẏ, ż) denote the final Cartesian coordinates and veloc-

ities, respectively. The Cartesian coordinates and velocities of the center-of-mass,
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R = (X, Y, Z) and Ṙ = (Ẋ, Ẏ , Ż), respectively, are obtained as follows on the

example of the x component:

X =
Natom∑
i=1

mixi
M

Ẋ =
Natom∑
i=1

miẋi
M

(3.50)

where Natom and M denotes the number of atoms and the molecular mass of a given

product molecule, respectively, and i goes over the atoms of a given product.

3.3.1 Integral cross section and reaction probability

The classical mechanical expression for the bimolecular reaction cross-section is

σ =

∫ bmax

0

2πbP (b)db (3.51)

where b is the impact parameter and bmax is the largest impact parameter, where

reactive event can occur. The reaction probability (opacity function), P (b) is defined

as

P (b) =
Ntraj

Ntraj,total

(3.52)

where Ntraj,total is the total number of trajectories and Ntraj is the number of reactive

trajectories at given fixed b. The average reaction probability, 〈P (b)〉 can be obtained

from

〈P (b)〉 =

∫ bmax

0
2πbP (b)db∫ bmax

0
2πdb

=

∫ bmax

0
2πbP (b)db

πb2
max

(3.53)

which leeds to an alternative formulation of the reaction cross section

σ = 〈P (b)〉 πb2
max. (3.54)

Our method is to run trajectories at equidistant b values (∆b = const) and evaluate

the reaction cross-section by numerical integration employing the trapezoidal rule

σ = π
nmax∑
n=1

[bn − bn−1][bnP (bn) + bn−1P (bn−1)] (3.55)

where bn = n×∆b, n = 0, 1, . . . , nmax.

Another approach is to generate random b values from 0 to bmax according to

b = R1/2bmax (3.56)
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where R ∈ [0, 1] is a real random number. In this case the cross-section is simply

σ =
Ntraj

Ntraj,total

πb2
max. (3.57)

It should be emphasized that the two methods converge to each other if we increase

the number of trajectories and ∆b→ 0.

3.3.2 Relative velocity and translational energy

The separation between the substitution channel products and the relative velocity

are calculated as

Rsubst = RCH3X −RY− (3.58)

Ṙsubst = ṘCH3X − ṘY− (3.59)

Similarly for the proton-transfer products

Rabstr = RCH2Y− −RHX (3.60)

Ṙabstr = ṘCH2Y− − ṘHX (3.61)

The product relative translational energies can be written in terms of relative ve-

locities and correspoding reduced masses:

Etrans,subst =
µsubstṘsubst · Ṙsubst

2
(3.62)

Etrans,abstr =
µabstrṘabstr · Ṙabstr

2
(3.63)

3.3.3 Scattering angle

The velocity scattering angle, θ is defined as the angle between the relative velocity

vector of the reactants, Ṙ0 and the products

θsubst = cos−1

(
Ṙ0 · Ṙsubst

|Ṙ0||Ṙsubst|

)
(3.64)

θabstr = cos−1

(
Ṙ0 · Ṙabstr

|Ṙ0||Ṙabstr|

)
(3.65)

as shown in Fig. 3.1 in case of substitution.
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3.3.4 Initial attack angle

The initial attack angle, α is the angle between the C-Y vector, RC−Y and the

velocity vector of CH3Y, ṘCH3Y at t = 0, as shown in Fig. 3.1

α = cos−1

(
RC−Y · ṘCH3Y

|RC−Y||ṘCH3Y|

)
(3.66)

It is widely applied to investigate the stereochemical effect of the initial orientation

on the reactivity. An alternative definition, as the angle between the C-X vector,

RC−X and ṘCH3Y at t = 0 (which is equivalent with our definition at b = 0), is

prevalent in experimental studies.

Figure 3.1: Definition of scattering and attack angles - The scattering angle

(θ) is defined as the angle between the initial CH3Y and final Y− velocity vectors (top

panel). The attack angle (α) is defined as the angle between the C-Y vector and the

velocity vector of CH3Y at t = 0 (bottom panel).
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3.3 Final conditions

3.3.5 Internal energy

The internal vibrational energy of the polyatomic products is calculated as the sum

of the kinetic energy, T and the potential energy, V :

Eint,CH3X = TCH3X + VCH3X (3.67)

Eint,CH2Y− = TCH2Y− + VCH2Y− (3.68)

Eint,HX = THX + VHX (3.69)

In order to calculate the kinetic energy the coordinates and velocities of

each atom are required relative to the center-of-mass of the product molecule:

rCH3X,i = xCH3X,i −RCH3X ṙCH3X,i = ẋCH3X,i − ṘCH3X i = 1, 5 (3.70)

rCH2Y−,i = xCH2Y−,i −RCH2Y− ṙCH2Y−,i = ẋCH2Y−,i − ṘCH2Y− i = 1, 4 (3.71)

rHX,i = xHX,i −RHX ṙHX,i = ẋHX,i − ṘHX i = 1, 2 (3.72)

where i goes over the atoms of a given product. Thus, T is the sum of kinetic

energies of every atom in terms of center-of-mass velocities:

TCH3X =
5∑
i=1

mi(ṙCH3X,i · ṙCH3X,i)

2
(3.73)

TCH2Y− =
4∑
i=1

mi(ṙCH2Y−,i · ṙCH2Y−,i)

2
(3.74)

THX =
2∑
i=1

mi(ṙHX,i · ṙHX,i)

2
(3.75)

V is determined from the analytical potential function as the difference between the

energy of the final configuration and the asymptotic energy, V0 corresponding to the

equilibrium geometry of the products.

3.3.6 Rotational energy

Firstly, the products with more than two atoms are transformed to the principal axis

frame following the procedure described in Section 3.2.2. Secondly, the rotational
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3. REACTION DYNAMICS

angular momentum and angular velocity are calculated using Eq. 3.26 and 3.27,

respectively. Then, the rotational energy is simply

Erot,CH3X =
1

2
ωCH3X · jCH3X (3.76)

Erot,CH2Y− =
1

2
ωCH2Y− · jCH2Y− (3.77)

3.4 Mode-specific (ro)vibrational analysis

3.4.1 (Ro)vibrational analysis for diatomic products

In case of diatomic product molecules exact (ro)vibrational energy levels, Ev,J are

easily achievable by variational nuclear motion computations employing the analyt-

ical potential energy function. Therefore, in case of HX type products we follow

a sophisticated approach to assign vibrational and rotational quantum numbers.

Firstly, the classical angular momentum is computed for HX in order to obtain the

quantum number J employing the quantum mechanical expression j =
√
J(J + 1)

by rounding J to the nearest integer value. Finally, the vibrational quantum num-

ber, v is assigned by minimizing the formula |Ev,J − Eint,HX|, where Eint,HX is the

internal energy of HX computed with Eq. 3.69.

3.4.2 Vibrational analysis for polyatomic products

As a first step, the final center-of-mass Cartesian coordinates ri (i = 1, 2, . . . , N) of

the N -atomic product are related to the normal mode diplacements of a reference

(usually) minimum geometry req
i . One can find the minimum via gradient-based

geometry optimization in Cartesian space or if the struture corresponding to the

minimum is known a priori one just have to find the optimal orientation of ri with

respect to req
i by solving the following equation

N∑
i=1

mir
eq
i × (C(θ, φ, ψ)ri − req

i ) = 0 (3.78)

which satisfies the rotational Eckart condition. [146]

A general solution for satisfying Eq. 3.78 was reported by Dymarsky

and Kudin [147, 148] and implemented in our QCT product analysis code. [149]
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3.4 Mode-specific (ro)vibrational analysis

Let us denote with ri, vi and mi (i = 1, 2, . . . , N) the center-of-mass Cartesian

coordinates, center-of-mass Cartesian velocities and masses, respectively. The mode-

specific vibrational distributions are calculated performing the following steps. [149]

1. In QCT studies the equilibrium geometry of the product molecule is known;

thus we can perform a normal-mode analysis in req
i which provides in case

of nonlinear equilbrium structure 3N − 6 harmonic frequencies ωk (k = 1, 2,

. . . , 3N − 6) and the orthogonal transformation matrix L ∈ <(3N−6)×3N , which

transforms from mass-scaled Cartesian coordinates to normal coordinates. The

L matrix is calculated once at the beginning of the product analysis and used

for every trajectory.

2. The angular momentum is removed by modifying the velocities from vi to vnr
i

using Eq. 3.33 and 3.34.

3. The matrix C which transforms to the Eckart frame is obtained employing the

method described in Section 3.6.

4. The normal coordinates are calculated via

Qk =
N∑
i=1

√
miLki∆ri k = 1, 2, . . . , 3N − 6 (3.79)

where ∆ri = Cri − req
i and similarly the momenta in the normal coordinate

space via

Pk =
N∑
i=1

√
miLkiCvnr

i k = 1, 2, . . . , 3N − 6 (3.80)

5. The harmonic vibrational energy for each normal mode is given by Eq. 3.18

Evib,k =
P 2
k

2
+
ω2
kQ

2
k

2
k = 1, 2, . . . , 3N − 6 (3.81)

6. The noninteger classical harmonic action calculated as

n′k =
Evib,k

ωk
− 1

2
k = 1, 2, . . . , 3N − 6 (3.82)

is rounded to the nearest integer value nk in order to assign integer vibrational

quanta to the quantum state.

Hereafter we denote a vibrational quantum state (n1, n2, . . . , n3N−6) as n.
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3.5 Binning techniques

Due to the classical nature of the QCT computations the mode-specific vibrational

actions are real numbers. In order to obtain discrete values different binning tech-

niques are applied. The widely employed Histogram Binning (HB) defines the prob-

ability of a given vibrational state n as

PHB(n) =
N(n)

Ntraj,total

(3.83)

whereN(n) is the number of products in state n from the total number of trajectories

Ntraj,total. However, the HB approach can result in nonzero probabilities for energet-

ically not allowed states. In order to obtain more realistic vibrational energy distri-

bution the Gaussian Binning (GB) method was proposed. [149, 150, 151, 152, 153] In

this approach a Gaussian weight is calculated for each product favoring the reactive

trajectories in which the classical vibrational actions are closer to integer values.

Gp(nk) =
β√
π
e−β

2(n′k,p−nk)2 ; p = 1, 2, . . . , N(n)

Gp(n) =
3N−6∏
k=1

Gp(nk); p = 1, 2, . . . , N(n) (3.84)

where β is a positive real parameter defined as β = 2
√

ln2/δ, δ being the full

width at half maximum. Although, the standard GB method performs well for

diatomics, it is not efficient for polyatomic processes, because the computational

time scales exponentially with the number of the vibrational modes. Therefore,

the GB method requires an extremely large number of trajectories for statistical

accuracy. A practical method called 1GB was proposed by Czakó and Bowman

[153] for N -atomic products using the total vibrational energy instead of the 3N −6

vibrational actions

Gp(n) =
β√
π
e−β

2{[E(n′p)−E(n)]/2E(0)}2 ; p = 1, 2, . . . , N(n) (3.85)

where E(0) stands for the harmonic zero-point energy. Using either Eq. 3.84 or

3.85 the probability of the vibrational state n is obtained as

PGB/1GB(n) =

N(n)∑
p=1

Gp(n)

Ntraj,total

(3.86)
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3.6 Mathematical approach to stereo-specifity

In order to calculate the energies E(n′p) and E(n) needed to get Gp(n) we consider

three levels of sophistication.

1. As a first approximation, one can use the harmonic energy formulas for both

E(n′p) and E(n):

E(n′p) =
3N−6∑
k=1

ωk

(
n′k,p +

1

2

)
(3.87)

E(n) =
3N−6∑
k=1

ωk

(
nk +

1

2

)
(3.88)

However, the harmonic approximation fails at highly distorted configurations,

thus, E(n′p) may be seriously overestimated.

2. As it was proposed in 2011 by Czakó et al. [154], E(n′p) can be determined

exactly in the Cartesian space as

E(n′p) =
1

2

N∑
i=1

miv
nr
i,p(v

nr
i,p)

T + V (r1,p, r2,p, . . . , rN,p)− V (req
1,p, r

eq
2,p, . . . , r

eq
N,p)

(3.89)

where vnr
i,p is the velocity of the pth product corresponding to zero angular

momentum and V is the potential of the N -atomic product. This approach

employs Eq. 3.88 for the computation of E(n).

3. In 2012 Czakó [149] further proposed to take the effect of vibrational an-

harmonicity into account by using the second-order vibrational perturbation

theory (VPT2) to calculate E(n) as follows

E(n) =
3N−6∑
k=1

ωk

(
nk +

1

2

)
+

3N−6∑
k≥l

χk,l

(
nk +

1

2

)(
nl +

1

2

)
(3.90)

where χk,l are the anharmonicity constants, which can be easily obtained by ab

initio program packages. Note, that this approach provides the most accurate

weights, because both energies E(n′p) and E(n) incorporate anharmonic effects

using Eq. 3.89 and 3.90, respectively.

3.6 Mathematical approach to stereo-specifity

In order to distinguish between trajectories with Walden inversion and retention of

configuration one should analyze the stereo-specific configurations of the polyatomic
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3. REACTION DYNAMICS

reactants. A mathematical procedure is based on the computation matrix C, which

transforms the current final configuration to the Eckart frame.

3.6.1 Configuration inversion and retention

Using the center-of-mass equilibrium structure, req
i , the final center-of-mass Carte-

sian coordinates, ri and the masses, mi, (i = 0, 1, . . . , N) of the N -atomic product

molecule, one can obtain

An,m =
N∑
i=1

miri,nr
eq
i,m n,m = 1(x), 2(y), 3(z), (3.91)

A1 = ATA,A2 = AAT, (3.92)

C = U1U
T
2 , (3.93)

where the columns of U1 and U2 contain the normalized eigenvectors of the real

symmetric matrices A1 and A2, respectively. It should be emphasized that the

number of matrices which satisfy the Eckart conditions is 23 = 8, because the sign

of the eigenvectors is not well-defined. We construct all the eight different matrices

as

Ca = Ua
1U

T
2 , (3.94)

where

(Ua
1)n,m = (−1)am(U1)n,m (3.95)

a = (a1, a2, a3) a1 = 1, 2 a2 = 1, 2 a3 = 1, 2

then we find the minimum of
N∑
i=1

||Cari − req
i ||2 with respect to a = (a1, a2, a3). The

transformation matrix that gives the best overlap between Cari and req
i is used to

compute det(C). For a given reference structure det(C) = −1 means inversion,

whereas det(C) = +1 means retention of configuration.
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Chapter 4

Potential energy surfaces of the

F− + CH3F and F− + CH3Cl

reactions

4.1 Benchmark ab initio thermochemistry

The best computationally feasible relative energies for the stationary points of the

F− + CH3F and F− + CH3Cl reactions were obtained by the FPA approach (see

Section 2.2.5). First, we computed the structures and harmonic frequencies of the

stationary points, then the FPA relative energies were obtained. For the F− + CH3Cl

reaction the structures and harmonic frequencies of the stationary points were com-

puted at the AE-CCSD(T)/aug-cc-pCVQZ and FC-CCSD(T)/aug-cc-pVTZ levels,

respectively, for all the stationary points shown in Fig. 4.2, except for TS3, TS4,

TS5 and MIN5, where the structures were determined at the AE-CCSD(T)/aug-cc-

pCVTZ level of theory. Similarly, for the F− + CH3F reaction the structures and

harmonic frequencies of the stationary were determined first at the explicitly cor-

related AE-CCSD(T)-F12b/cc-pCVTZ-F12 and FC-CCSD(T)-F12b/cc-pVTZ-F12

levels of theory, respectively, for all the minima and saddle points shown in Fig.

4.1. The FPA relative energies were obtained by single point computations at the

above-defined geometries considering

(a) extrapolations to the CBS limits of the Hartree−Fock (HF), all-electron second-

order Møller−Plesset perturbation theory (AE-MP2), AE-CCSD, and AE-
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CCSD(T) methods using the correlation consistent aug-cc-pCVXZ [X = D(2),

T(3), Q(4), and 5] basis sets,

(b) post-CCSD(T) correlation effects up to CCSDT(Q) method based on AE-

CCSDT/aug-cc-pCVDZ and FC-CCSDT(Q)/aug-cc-pVDZ computations and

FC-CCSDT/aug-cc-pVDZ and FC-CCSDT(Q)/aug-cc-pVDZ computations for

the F− + CH3Cl and F− + CH3F reactions, respectively,

(c) scalar relativistic corrections (∆rel) as difference between the second-order

Douglas-Kroll and non-relativistic AE-CCSD(T)/aug-cc-pCVQZ energies.

All the ab initio computations were performed using the Molpro program pack-

age. [155] For the CCSDT and CCSDT(Q) computations, the Mrcc code, [156, 157]

interfaced to Molpro, was employed. The Hartree-Fock energies and correlation

energy increments were extrapolated to the CBS limit via Eq. 2.66 and 2.67, re-

spectively, using the best two energies, i.e. X = 4 and 5 in order to get the best

estimates for the CBS limits. The FPA tables with classical relative energies of the

stationary points of the F− + CH3F and F− + CH3Cl reactions are given in Ref.

[3] and [5], respectively.

The final FPA results are summarized in Table 4.1 and 4.2 and obtained

as HF/CBS + δ[MP2]/CBS + δ[CCSD/CBS] + δ[CCSD(T)/CBS] + δ[CCSDT] +

δ[CCSDT(Q)] + ∆rel, where the symbol δ denotes the correlation energy increments

with respect to the preceding level of theory. The computed frequencies are used to

obtain the zero-point energy (ZPE) corrections to the classical results.

4.2 Structures and relative energies of the sta-

tionary points

The different reaction pathways and the corresponding stationary points on the

PESs of the F− + CH3F and F− + CH3Cl reactions are shown in Fig. 4.1 and Fig.

4.2, respectively. For both reactions the double-well potential profile of the back-

side attack Walden inversion features a central saddle point [F· · ·CH3· · ·Y]− (TS2

in Fig. 4.1 and 4.2) of D3h and C3v symmetry for Y = F and Cl, respectively. The

[F· · ·CH3· · ·F]− saddle point is just slightly below the reactant asymptote, whereas
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4.2 Structures and relative energies of the stationary points

Table 4.1: Summary of the FPA relative energies (in kcal mol−1) including the

effects of scalar relativity (Rel.) and ZPE for the stationary points of the F− + CH3F

reaction.a

F−+CH3F Back-side substitution Abstraction Retention

TS2 MIN2 MIN1 TS1 MIN3 TS3 ∆H TS5 TS4

HFb 8.60 −11.56 −10.92 −10.96 23.20 24.75 43.49 65.43 38.19

MP2b 0.84 −13.20 −13.20 −12.67 22.75 23.85 44.87 47.42 29.91

CCSDb 2.50 −13.39 −13.24 −12.81 20.91 22.14 42.92 51.50 30.75

CCSD(T)b −0.13 −13.77 −13.69 −13.18 20.19 21.40 42.65 46.69 29.30

CCSDTb −0.25 −13.81 −13.73 −13.21 20.16 21.36 42.61 46.16 29.29

CCSDT(Q)b −0.39 −13.81 −13.73 −13.21 20.12 21.31 42.57 46.16 29.17

∆Rel.c −0.06 +0.00 +0.00 +0.00 −0.02 −0.03 −0.04 −0.08 +0.01

Classical −0.45 −13.81 −13.73 −13.21 20.10 21.28 42.54 46.07 29.18

∆ZPEd −0.16 +0.24 +0.21 +0.06 −2.25 −2.68 −4.42 −0.92 −3.11

Adiabatic −0.61 −13.56 −13.52 −13.15 17.85 18.60 38.11 45.16 26.07

aThe results correspond to the structures optimized at the AE-CCSD(T)-F12b/cc-pCVTZ-F12 level of theory.
bThe results correspond to the CBS limit.
cRelativistic corrections computed at AE-CCSD(T)/aug-cc-pCVQZ level of theory using Douglas-Kroll one-electron

integrals.
dHarmonic ZPE corrections obtained at the FC-CCSD(T)-F12b/cc-pVTZ-F12 level of theory.

the [F· · ·CH3· · ·Cl]− saddle-point is substantially below the F− + CH3Cl asymp-

tote with 12.2 kcal mol−1. For both reactions, we found in the entrance channel a

C3v ion-dipole complex F− · · ·CH3Y (MIN2) and a Cs hydrogen-bonded (H-bonded)

complex F− · · ·HCH2Y (MIN1) separated by a Cs saddle-point (TS1). It should be

mentioned that similar H-bonded entrance-channel complexes were found for the F−

+ CH3I reaction. [158, 159] For the F− + CH3F reaction the H-bonded and ion-

dipole complexes have similar energy within 0.1 kcal mol−1, whereas in case of the

F− + CH3Cl reaction the H-bonded complex is deeper than the ion-dipole complex

with 1.5 kcal mol−1. In the exit channel of the F− + CH3Cl reaction we found a

C3v ion-dipole complex (MIN3), whereas the H-bonded complex is missing [73, 158].

This post-reactive complex is less stable than the pre-reactive ones, since the disso-

ciation energy of the FCH3· · ·Cl− complex (De = 9.7 kcal mol−1) is lower than that

of F− · · ·CH3Cl (De = 15.6 kcal mol−1). The F−+CH3F→ CH3F+F− substitution

reaction is isoenergetic (∆H = 0 kcal mol−1), while the F−+ CH3Cl→ CH3F + Cl−

reaction is highly exotermic, characterized by a reaction enthalpy of −31.9 kcal
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Table 4.2: Summary of the FPA relative energies (in kcal mol−1) including the

effects of scalar relativity (Rel.) and ZPE for the stationary points of the F− +

CH3Cl reaction.

F−+CH3Cl Back-side substitution Abstraction Retention

TS2a MIN2a MIN1a TS1a MIN3a ∆Ha MIN4b TS3b ∆Ha TS5b TS4b

HFc −9.57 −13.89 −13.89 −13.48 −6.85 −44.13 13.26 13.34 27.25 43.75 23.17

MP2c −9.75 −14.76 −16.28 −14.15 −9.71 −29.10 15.02 15.37 31.83 35.24 16.62

CCSDc −10.22 −15.03 −16.20 −14.40 −9.16 −34.08 13.12 13.38 29.43 36.49 17.61

CCSD(T)c −11.97 −15.59 −16.83 −14.91 −9.63 −32.23 12.40 12.69 29.27 32.25 16.37

CCSDTc −12.11 −15.64 −16.89 −14.95 −9.65 −32.19 12.36 12.66 29.26 32.04 16.44

CCSDT(Q)c −12.22 −15.65 −16.89 −14.96 −9.67 −32.04 12.30 12.60 29.22 31.63 16.31

∆Rel.d −0.02 +0.01 +0.02 +0.02 −0.04 +0.17 +0.00 +0.00 +0.03 −0.35 +0.10

Classical −12.24 −15.63 −16.87 −14.94 −9.71 −31.87 12.30 12.60 29.24 31.28 16.41

∆ZPEe +0.04 +0.17 +0.10 +0.01 +0.25 +1.00 −2.16 −2.45 −4.00 −0.78 −2.41

Adiabatic −12.20 −15.46 −16.77 −14.93 −9.46 −30.92 10.13 10.15 25.24 30.51 14.00

aThe results correspond to the structures optimized at the AE-CCSD(T)/aug-cc-pCVQZ level of theory.
bThe results correspond to the structures optimized at the AE-CCSD(T)/aug-cc-pCVTZ level of theory.
cThe results correspond to the CBS limit.
dRelativistic corrections computed at AE-CCSD(T)/aug-cc-pCVQZ level of theory using Douglas-Kroll one-electron

integrals.
eHarmonic ZPE corrections obtained at the FC-CCSD(T)/aug-cc-pVTZ level of theory.

mol−1 (without ZPE).

As shown in Fig. 4.1 and 4.2, at higher energies an endothermic proton

abstraction channel F−+CH3Y → CH2Y−+HF opens for Y = F and Cl. The classi-

cal reaction enthalpy for Y = F (∆H = 42.5 kcal mol−1) is substantially higher than

in case of Y = Cl (∆H = 29.2 kcal mol−1). Note that the proton transfer pathway

is barrierless, going through a saddle-point (TS3) and a minimum (MIN3(F) and

MIN4(Cl)) well above the reactant asymptote, but below the product asymptote.

The front-side attack retention pathway features a very high barrier of

46.1 and 31.3 kcal mol−1 for the Y = F and Cl leaving groups, respectively. Al-

though, the corresponding saddle-point (TS5) has Cs symmetry for both reactions,

they show different arrengements of the nuclei. If the two halogens are the same

(X/Y = F/F) one H atom and the C atom are in the Cs plane and the other two H

atoms and the two F atoms are out of plane, whereas in case of different halogens

(X/Y = F/Cl) four atoms (H, C, F, Cl) are in the Cs plane. [3, 4] The double-
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Figure 4.1: Schematic energy diagram of the F− + CH3F reaction - The sta-

tionary points and the different stereo-specific reaction pathways leading to inversion

(blue) and retention (yellow) of the initial configuration are illustrated. The accu-

rate benchmark focal-point energies (see Table 4.1) and those corresponding to the

analytical PES are relative to the F− + CH3F(eq) asymptote.

inversion saddle-points (TS4) shown in Fig. 4.1 and 4.2, were revealed by us for the

first time. [3, 5] The classical double-inversion barrier heights are 29.2 and 16.4 kcal

mol−1 for the F− + CH3F and F− + CH3Cl reactions, respectively; thus, the corre-

sponding retention pathway opens at substantially lower energies than the front-side

attack pathway.

4.3 Construction of the potential energy surfaces

As a first step toward the construction of the PES, we considered all the energeti-

cally possible reaction channels for the F− + CH3Y [Y = F and Cl] reactions. The

various reaction channels and corresponding reaction heats (∆H) calculated at the

CCSD(T)/aug-cc-pVDZ level of theory are given in Table 4.3. Our goal was to

design PESs which describe all the relevant reaction channels and corresponding

stationary points (except F− + HF + CH2, F2 + CH−3 and FCl + CH−3 which have

significantly higher energies than the other channels), as well as the front-side attack
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Figure 4.2: Schematic energy diagram of the F− + CH3Cl reaction - The

stationary points and the different stereo-specific reaction pathways leading to in-

version (blue) and retention (yellow) of the initial configuration are illustrated. The

accurate benchmark focal-point energies (see Table 4.2) and those corresponding to

the analytical PES are relative to the F− + CH3Cl(eq) asymptote.

and double-inversion retention pathways.

We applied the technique described in Section 2.3.1 to generate the energy

points. Accordingly, in case of the F− + CH3F system we selected 30000 config-

urations for the FCH3F− complex region, at C-F distances (rC−F) lower than 4 Å

(excluding the H− + CH2F2 configurations) and 2182, 2279, 500, and 500 energy

points for the F− + CH3F, HF + CH2F−, H− + CH2F2, and FHF− + CH2 chan-

nels, respectively. In addition, the configuration space is covered up to ion-molecule

separations of 11 Å in order to describe the long-range ion-dipole interactions, re-

sulting in 13000 energy points at rC−F > 4 Å (not including the fragment channel
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Table 4.3: Reaction channels and corresponding reaction enthalpies (in kcal mol−1)

for the F− + CH3F and F− + CH3Cl reactions.a

F− + CH3F ∆E F− + CH3Cl ∆E

F− + CH3F 0.0 Cl− + CH3F −32.6

HF + CH2F− 41.9 HF + CH2Cl− 29.1

H− + CH2F2 47.6 H− + CH2FCl 54.7

FHF− + CH2 51.7 FHCl− + CH2 39.9

HF− +CH2F 63.6 HF− +CH2Cl 62.2

H + CH2F−2 65.3 H + CH2FCl− 71.0

F−2 + CH3 80.7 FCl− + CH3 47.8

F− + HF + CH2 95.3 Cl− + HF + CH2 62.7

F2 + CH−3 154.9 FCl + CH−3 104.7

aResults obtained at the CCSD(T)/aug-cc-pVDZ level of theory.

configurations). Similarly, for the F− + CH3Cl system 45060 configurations were

selected for the H3CFCl− complex region and 2181, 2182, 2132, 432 and 406 en-

ergy points were included for the F− + CH3Cl, Cl−+ CH3F, HF + CH2Cl−, HCl +

CH2F−, and FCl− + CH3 fragment channels, respectively. In order to describe the

long-range interactions 12096 points were generated between 5 and 15 Å C-F separa-

tions (not including the fragment channel configurations). Note that for both PESs

the configurations selected for the complex region involve points obtained from ran-

domly displaced stationary-point structures. Furthermore, we emphasize that the

PESs involve high energy channels beside the relevant substitution (back-side and

front-side attack), double-inversion and proton-transfer (abstraction) channels, but

the detailed investigation of those high energy asymptotes was out of scope of our

studies.

In order to obtain energies of chemical accuracy and also to minimize

the computational costs we tested the performance of different ab initio methods

and basis sets, following the recommendations of the FPA technique (see Section

2.2.6). [6] The results motivated us to consider the following quite efficient compos-

ite approach in order to the compute the 49166 energy points for the F− + CH3F
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reaction
CCSD(T)-F12a/cc-pVDZ-F12 +

(MP2-F12/cc-pVTZ-F12−MP2-F12/cc-pVDZ-F12)
(4.1)

This explicitly correlated composite method provides AE-CCSD(T)-F12b/cc-pCVQZ-

F12 quality results within a root-mean-square (RMS) error of 0.33 kcal mol−1,

whereas the RMS errors of the standard CCSD(T) method with aug-cc-pVDZ, aug-

cc-pVTZ, and aug-cc-pVQZ basis sets are 4.01, 1.00, and 0.59 kcal mol−1, respec-

tively, relative to the AE-CCSD(T)-F12b/cc-pCVQZ-F12 benchmark energy.

For the F− + CH3Cl reaction 52393 ab initio energy points were computed

employing the

CCSD(T)/aug-cc-pVDZ +

MP2/aug-cc-pVQZ−MP2/aug-cc-pVDZ +

(AE-MP2/aug-cc-pCVTZ− FC-MP2/aug-cc-pCVTZ)

(4.2)

composite method, where in paranthesis the core correlation energy increment is

given as a difference between AE and FC energies. This composite method results

AE-CCSD(T)/aug-cc-pCVQZ quality energies within a RMS error of 0.57 kcal mol−1

without core correction and this RMS reduces to 0.35 kcal mol−1 when we add the

core correction.

The energy points were fitted using the permutationally invariant poly-

nomial approach described in Section 2.3. The representation of PESs is based on

Morse-like variables, exp(−rij/λ), where rij is the interatomic distance and the pa-

rameter λ was fixed at 3 bohr after careful investigations. The polynomial basis is

invariant under the permutation of the 3 identical H atoms in both reactions, as well

as the permutation of the 2 identical F atoms in case of the F− + CH3F reaction.

For the F− + CH3Cl system we included all polynomial terms up to total degree of

5, whereas for the F− + CH3F reaction with higher permutational symmetry a total

degree of 6 was considered. By a weighted linear least-squares fit using weights of

E0/(E + E0), where E0 = 31 kcal mol−1 and E is relative to the global minimum,

5850 and 3313 coefficients were obtained for the F− + CH3F and F− + CH3Cl re-

actions, respectively. The RMS fitting errors are remarkably small for both Y =

F/Cl leaving groups: 0.15/0.31, 0.34/0.51, and 0.92/1.38 kcal mol−1 in the energy

intervals (0, 31), (31, 63), and (63, 157) kcal mol−1, respectively. Based on these

RMS errors and the accuracy of the composite methods, we can conclude that both
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anayltical PESs are chemically accurate (RMS < 1 kcal mol−1) up to about 100 kcal

mol−1 above the global minimum, which covers the chemically important energy

range.

4.4 Properties of the potential energy surfaces

The analytical PESs describe all the stationary points and reaction pathways dis-

cussed in Section 4.2. As seen in Fig. 4.1, the agreement between PESs and corre-

sponding FPA relative energies is excellent for the F− + CH3F reaction, since for

this system the PES and FPA data agree within 0.1 kcal mol−1 for all the stationary

points, except the proton-abstraction pathway, where the PES underestimates the

relative energy of the saddle point, minimum and product asymptote by 0.4, 0.6,

and 0.5 kcal mol−1, respectively. Note that the accuracy of this PES seems even

better than one would expect. The small deviations between FPA and PES relative

energies may be due to the favorable error cancellations.

As shown in Fig. 4.2, the exoergicity of the F− + CH3Cl → CH3F + Cl−

substitution reaction on the PES agrees with the FPA value within 0.1 kcal mol−1.

Moreover, the agreement in case of exit-channel ion-dipole complex is even better,

the difference is as little as 0.0 kcal mol−1. Overall, we achieved chemical accu-

racy also for the stationary points of the F− + CH3Cl PES, except the abstraction

channel saddle point and minima.

4.4.1 Structures and harmonic frequencies

Structures and harmonic vibrational frequencies of all the stationary points can be

found in Tables V-VIII of Ref. [3] and in Supplementary of Ref. [5] for the F−

+ CH3F and F− + CH3Cl reactions, respectively. For F− + CH3F the PES re-

produces the AE-CCSD(T)-F12b/cc-pCVTZ-F12 structural parameters remarkably

well. Most of the distances and angles deviate from the benchmark values by only

0.001−0.005 Å and 0.5◦, respectively. Even the long-range intermolecular distances

are very accurate. For example, the C · · ·F PES/FPA distances for the back-side at-

tack TS, ion-dipole complex and front-side attack TS are 1.823/1.820, 2.553/2.561,

and 1.813/1.810 Å, respectively, and the F · · ·H distances of H-bonded minima and

TS are 1.763/1.762 and 2.014/2.017 Å, respectively.
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Figure 4.3: One-dimensional potential energy curves - Potential energy scans

for the FCH3 · · ·F− (C3v) and FCH−2 · · ·HbF (Cs) complexes as a function of the

rC−F and rC−Hb
distances (upper panel), as well as for the ClCH3· · ·F− (C3v) and

FCH3· · ·Cl− (C3v) complexes as a function of the rC−F and rC−Cl distances (lower

panels) showing a comparison between the direct ab initio composite curves and

the PES values. The X-C-Y [X/Y = F/F, F/Cl and Cl/F] and C-Hb-F atoms are

kept collinear along the one-dimensional cuts, whereas the internal coordinates of

CH3F(eq), CH3Cl(eq), CH2F−(eq), and HF(eq) structures are fixed at equilibrium

values obtained at the AE-CCSD(T)-F12b/cc-pCVTZ-F12 and AE-CCSD(T)/aug-

cc-pCVQZ level of theory for X/Y = F/F and F/Cl, respectively.

Furthermore, the harmonic frequencies of the stationary points are also

accurately reproduced by the PESs, many PES values deviate from benchmark vi-

brational fundamentals by only a few cm−1 and the RMS deviations are only around

10 − 30 cm−1 and 10 − 40 cm−1 for all the stationary points of F− + CH3F and

F− + CH3Cl, respectively. It is impressive that for the F− + CH3Y, Y = F/Cl
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PESs the imaginary frequencies corresponding to the central back-side, front-side,

and double-inversion saddle points agree with the benchmark results within 10/0,

16/12, and 10/5 cm−1, respectively.

4.4.2 Long-range interactions

During the PES development we paid special attention to the accurate description

of the long-range ion-dipole interactions in the entrance and exit channels, because

compared to the X + CH4 [X = O, F, Cl and Br] reactions, where the reactants

feel only a short-range (usually rC−X < 5 Å) interaction, the SN2 reactions involv-

ing ion-dipole interactions between X− nucleophiles and CH3Y result in long-range

attractive potential wells. The shape of the potential wells may effect the dynamics,

especially at low collision energies and large impact parameters. Figure 4.3 shows

one-dimensional cuts of the analytical PESs and the corresponding ab initio curves.

As seen, the analytical PESs describe the dissociation of the fragments smoothly

and accurately as we increase the ion-molecule distances. The asymptotic limits are

reached at around 10−12 Å intermolecular separations. The long-range bahavior of

the potentials is the most accentuated for the FCH3 · · ·F− and FCH−2 · · ·HF com-

plexes; as seen in the upper panels of Fig. 4.3, at C· · ·F− and C· · ·Hb separations

of ∼4.0 Å and ∼4.5 Å, respectively, the binding energies are still close to half of the

dissociation energy (De).
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Chapter 5

Exploring the dynamics of the

F− + CH3F and F− + CH3Cl SN2

and proton-transfer reactions

With analytical PESs at hand we can go much further than predicting reaction

mechanisms based on stationary points and minimum energy paths. I performed

quasi-classical trajectory (QCT) computations on the PESs to reveal the microscopic

dynamics of the F− + CH3F and F− + CH3Cl reactions, thereby following the motion

of the atoms along the reaction path. I run about 20 million trajectories by varying

the initial conditions and employed different analysis techniques.

5.1 Reactivity

Excitation functions (intergral cross-sections (ICS) vs. the collision energy (Ecoll))

are shown for the F− + CH3Y → CH3F + Y− [Y = F, Cl] substitution (SN2) and

F− + CH3Y → CH2Y− + HF [Y = F, Cl] abstraction (proton-transfer) reactions

in Fig. 5.1. For the thermoneutral F− + CH3F SN2 reaction, without any ZPE

constraint, the cross sections decrease rapidly with increasing Ecoll from 1 to 5 kcal

mol−1. The cross sections of the exothermic and barrierless F− + CH3Cl SN2 re-

action steeply decrease as Ecoll increases. The product ZPE violation for a highly

exothermic reaction is not significant; however, for the isoenergetic F−+ CH3F SN2

reaction, the ZPE issue of the QCT method can be serious at low collision energies.
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5.1 Reactivity

Figure 5.1: Excitation functions - Integral cross-sections as a function of the

collision energy for the F− + CH3Y → CH3F + Y− [Y = F, Cl] substitution and

F− + CH3Y → CH2Y− + HF [Y = F, Cl] proton-abstraction reactions, considering

(a) all trajectories (All) without ZPE constraint, (b) ZPE(soft) constraint, where

trajectories are discarded if the sum of the product vibrational energies is less than

the sum of their ZPEs, and (c) ZPE(hard) constraint, where trajectories are discarded

if either product has less vibrational energy than its ZPE.

As shown in upper left panel of Fig. 5.1, the large cross sections of 14.3 and 5.4

bohrs2 fall to 1.2 and 1.6 bohrs2 at Ecoll = 1 and 2 kcal mol−1, respectively, if ZPE

constraint is applied to the CH3F product. At higher Ecoll, the ZPE violation is

only 10%. The constrained cross sections are around 1.5 bohrs2 at low Ecoll, in-

crease between 7 and 10 kcal mol−1, and become almost constant (3.0− 3.5 bohr2)

up to 80 kcal mol−1. The reactivity of the F− + CH3Cl system is extremely large

at low collision energies (the ICS is about 829 bohr2 at Ecoll = 1 kcal mol−1) [7]

compared to the similar exothermic F + CH4 reaction which has an ICS of around
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35 bohr2, at the same Ecoll. [160] The large ICSs and their negative Ecoll dependence

for the F−+ CH3Cl SN2 reaction are due to the negative barrier and the long-range

attractive ion-dipole interactions (see Fig. 4.3) allowing reactive collisions even at

large impact parameters.

The hydrogen-abstraction (H-abstraction) reactions are barrier-less for

both system, because the abstraction saddle point is well below the product asymp-

tote. The ZPE corrected endothermicities are about 38 and 24 kcal mol−1 for the

HF + CH2F− and HF + CH2Cl− product channels, respectively. Thus, we can ex-

pect the occurence of the H-abstraction products at collision energies higher than

the above reaction enthalpies. As seen in the lower panels of Fig. 5.1, the H-

abstraction channels open at lower collision energies than the expected treshold

energy. The small reactivity in the Ecoll ranges of 30−38 and 15−24 kcal mol−1 for

HF + CH2F− and HF + CH2Cl−, respectively, is due to the ZPE issue of the QCT

method. In order to obtain physically correct results, we applied both the soft and

hard ZPE constraints, in which trajectories are discarded if the sum of the product

vibrational energies is less than the sum of their ZPEs (soft) and either product has

less vibrational energy than its ZPE (hard). The ZPE constraint do not change the

shape of the ICS curves, but shifts the treshold energies to realistic values and de-

crease the cross-sections significantly, especially for the hard constraint. Note that

the shape of the H-abstraction excitation functions is different for the F− + CH3F

and the F− + CH3Cl reactions. The former has a concave-up shape and increases

rapidly, whereas the latter becomes nearly constant at Ecoll = 40 kcal mol−1. The

higher abstraction cross-sections of F− + CH3F compared to F− + CH3Cl may be

expalined by the larger proton affinity of CH2F− than of CH2Cl−.

Furthermore, we also investigated the effect of the CH symmetric strech-

ing (ν1) vibrational excitation with one quantum in case of the F− + CH3Cl(ν1)

reaction. As expected, the ν1 = 1 excitation has only slight effect on the SN2 reac-

tivity, showing that this vibrational mode behaves as a spectator in the back-side

attack reaction. However, the CH streching excitation substantially enhances the

reactvity in case of H-abstraction. Interestingly, the ν1 = 1 abstraction excitation

functions increase up to Ecoll of 40 kcal mol−1 and then a slight decay is seen, which

may be explained by the fact that the faster reactants have less time to interact

with each other. Note that this depression of the reactivity with the increase of Ecoll
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was observed also in case of the H + CD4 → HD + CD3 reaction. [161]

All in all, the back-side substitution mechanism dominates over the proton-

abstraction for the F−+ CH3Y [Y = F, Cl] reactions even at high collision energies;

however, in case of F−+ CH3F due to the fact that the H-abstraction cross sections

increase rapidly with Ecoll, whereas the substitution reactivity is almost constant in

the Ecoll range investigated, we may expect that the abstraction eventually super-

sedes substitution as we further increase the collision energy.

Opacity functions (reaction probabilities (P (b)) vs. the impact parame-

ter (b)) for the F− + CH3Y → CH3F + Y− [Y = F, Cl] (SN2) and F− + CH3Y →
CH2Y− + HF [Y = F, Cl] proton-abstraction reactions are shown in Fig. 5.2. As

seen, the shapes of the opacity functions change with increasing Ecoll for both reac-

tions. At collinear collisions (b = 0) and low collision energies the probabilities are

Figure 5.2: Opacity functions - Reaction probabilities as a function of the impact

parameter for the F− + CH3Y → CH3F + Y− [Y = F, Cl] substitution and F− +

CH3Y → CH2Y− + HF [Y = F, Cl] proton-abstraction reactions.
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very high (60 − 90%) for the F− + CH3Cl reaction, which drop to 20% at Ecoll of

15 kcal mol−1, and then decrease monotonically, whereas in case of the F− + CH3F

reaction the probability is only 6% at Ecoll = 1 kcal mol−1 and increases substan-

tially in the Ecoll range of 10-15 kcal mol−1 to 29%, which may be explained by

the fact that the well depth of the entrance channel is about 14 kcal mol−1. The

H-abstraction b = 0 probabilities increase with Ecoll for both reactions. However,

the P (b = 0) abstraction probability for F− + CH3Cl even at 60 kcal mol−1 is two

times larger than the P (b = 0) value of F− + CH3F at 80 kcal mol−1.

The maximum value of b where reactive event can occur (bmax) is large

for the substitution channel at the lowest Ecoll, 22 and 27 bohrs for F−+ CH3F and

F− + CH3Cl SN2 reactions, respectively, showing the importance of the long-range

ion-dipole interactions, which play significant role in the dynamics. As Ecoll in-

creases the bmax values shift to about 6 bohrs for both reactions. The bmax values of

the H-abstraction channel are about 5 and 8 bohrs for F−+ CH3F and F−+ CH3Cl,

respectively, showing minor Ecoll dependence in the Ecoll ranges investigated.

5.2 Direct vs. indirect mechanism

Based on the integration time evolution of the product velocity scattering angle

distributions one can distinguish between different SN2 reaction mechanisms. The

Ecoll dependence of the various reaction pathways was investigated for the F− +

CH3Cl SN2 system by us in 2013. [7] In left panels of Fig. 5.3 the time evolution of

differential cross sections (DCSs) (cross sections as a function of cos θ, where θ is

defined in Fig. 3.1) are shown by considering those reactive trajectories that finish

until a certain time. At Ecoll = 1 kcal mol−1 the angular distribution is isotropic

characterized by a small peak at backward (θ close to 180◦) and a more substantial

peak at forward (θ close to 0◦) directions. As seen, after a short time of 1.6 ps forward

scattering is not seen, but the DCS starts to build in backward directions. After

2.1 ps the evolution of the forward hemisphere becomes dominant and the forward

peak increases faster than the backward one. It takes about 37 ps to get all the

trajectories finished and obtain the final, experimentally observable distribution.

At higher collision energy of 4 kcal mol−1 the increased probability of backward

scattering can be observed, while at Ecoll = 15 kcal mol−1 the backward scattering
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Figure 5.3: Scattering and attack angle distribution for F− + CH3Cl - Time

evolution of the differential cross sections (left) and attack angle distributions (right)

at different collision energies for the F−+CH3Cl→ CH3F+Cl− substitution reaction.

[7] For definition of θ and α see Fig. 3.1.

is even more dominant, though a small peak at forward scattering is still present.

The shape of the DCS curves allowed us to identify the different pathways. The

fastest trajectories go through the so called direct rebound mechanism, where the

F− approaches almost collinearly (at small b values) the methyl side of CH3Cl and

directly substitutes Cl−, resulting in backward scattering. Note that this mechanism
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is the textbook example of SN2 reactions. At high impact parameters (typically

16 − 18 bohrs) the direct stripping mechanism occurs, where F− attacks the side

of CH3Cl and directly strips away the CH3 group without changing the direction

of the velocity of CH3F relative to the initial velocity of F−, resulting in forward

scattering. During the indirect mechanism the reactants are trapped in the entrance

channel where long-lived complexes are formed. The hydrogen-bonded and C3v ion-

dipole complexes can transform into each other frequently, as expected based on the

small barrier between them. The isotropic angular distribution is the consequence

of the long time spent in the complex region, which allows the overall rotation

of the system. As seen in Fig. 5.3, at low collision energy of 1 kcal mol−1 the

backward scattered products appear after a short time of 1.6 ps as a result of fast

direct rebound trajectories, then the direct stripping starts to dominate at 2.1 ps

resulting in forward scattered products, whereas at longer times the DCS builds

in every direction due to the slow indirect mechanism. With increasing Ecoll the

direct stripping is diminished, because the bmax value decreases. At high Ecoll of 15

kcal mol−1 the distribution shows substantial backward scattering and there is no

forward scattering at short time.

We can conclude that the F−+CH3Cl SN2 reaction is mostly direct at high

Ecoll and indirect at low Ecoll, which qualitatively agrees with previous simulations

on F− + CH3Cl reaction using model PES. [74, 77] Snapshots of representaitve

trajectories for the above-described mechanisms are shown in Fig. 5.4. Similar

mechanisms were identified for F−+CH3I by Hase and coworkers by direct dynamics

simulations, [162] as well as for F− + CH3F by us in 2015 employing an analytical

PES. [3]

The angular distributions for F−+ CH3F are shown in Fig. 5.5. As seen,

at Ecoll = 1 kcal mol−1 the DCS is backward-forward symmetric, almost uniform in

the (−0.8, 0.8) cos(θ) range, and peaks at 0◦ and 180◦, which suggests the existence

of the three mechanisms identified previously. The Ecoll dependence of the scattering

angle distrbution is similar to F−+CH3Cl. At high Ecoll of 80 kcal mol−1 the DCS is

shifted to the backward hemisphere indicating the dominance of the direct rebound

mechanism. We should emphasize that the direct rebound, direct stripping and

indirect mechanisms are all considered variants of the back-side attack inversion

mechanism.
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Figure 5.4: Animation of the F− + CH3Cl SN2 mechanisms - Snapshots

of representative trajectories illustrating the three different mechanisms of the F− +

CH3Cl reaction at collision energy of 1 kcal mol−1.

5.3 Stereochemistry

In order to investigate the initial orientation of the reactants the attack angle α

is defined for F− + CH3Y at t = 0 as the angle between the C-Y bond vector

and the center of mass velocity vector of CH3Y (see Fig. 3.1). The attack angle

distribution for F− + CH3Cl and F− + CH3F SN2 reactions are shown in Fig. 5.3

and 5.5, respectively. At Ecoll = 1 kcal mol−1 the α distribution is almost isotropic

with a peak close to 180◦ for both reactions which suggests a strong orientation

effect due to the long-range ion-dipole interactions. As expected, the reactivity is

larger when the F− approaches the CH3 side of CH3Y [Y = F, Cl]; however, as
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Figure 5.5: Scattering and attack angle distribution for F− + CH3F - Differ-

ential cross sections (left) and attack angle distributions (right) at different collision

energies for the F− + CH3F→ CH3F + F− substitution reaction. [3] For definition of

θ and α see Fig. 3.1.

seen this stereo-specifity is not pronounced. Thus, even if the initial attack does

not favour the reaction the long-range ion-dipole attractive interactions steer the

reactants into a reactive orientation. At higher collision energies this steering effect

diminishes and initial attack angles close to 180◦ become preferred, and virtually

no reactive event occurs when F− approaches the Y atom almost collinearly. This

suggests the dominance of the direct rebound mechanism at high collision energies.
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For F− + CH3F at high collision energy of 80 kcal mol−1 a bimodal α

distribution is seen in Fig. 5.5 with back-side dominance and a small peak at the

front-side orientation. As expected, the second small peak is due to the front-side

attack retention mechanism, which has about 5% contribution to the total SN2

reactivity at Ecoll of 80 kcal mol−1. Detailed discussion of the front-side attack

mechanism can be found in Section 7.1.

5.4 Energetics

5.4.1 Product relative translational and internal energy

Product relative translational energy (Etrans) and CH3F internal energy (Eint) dis-

tribution were investigated in detail for the F−+ CH3F SN2 reaction. [3] Figure 5.6

shows the distributions at collision energies of 1, 20 and 80 kcal mol−1. At low Ecoll

the Etrans distributions peak at nearly 0, which tends to vanish as Ecoll increases.

At higher collision energies a second peak appears at large Etrans and at Ecoll = 80

kcal mol−1 only this second peak can be observed, which corresponds to the direct

mechanism. This Ecoll dependence correlates with the change of the dominant re-

action mechanism from indirect to direct. Note that at Ecoll of 20 kcal mol−1 the

translational energy distribution has a bimodal character with peaks at small and

large Etrans due to the simultaneous appearance of two different reaction mecha-

nisms, indirect and direct, respectively. The reaction enthalpy of the F− + CH3F

SN2 reaction is zero, thus the following relations holds:

Ecoll + EZPE = Eint + Etrans (5.1)

where EZPE is the zero-point energy of CH3F denoted with dashed line in Fig. 5.6

and Eint is relative to the minimum of the CH3F potential. Since Eint − EZPE ≥ 0,

according to quantum mechanics, Etrans and Eint are expected to be in the energy

ranges of (0, Ecoll), and (Ecoll, EZPE + Ecoll), respectively. However, Etrans exceeds

Ecoll, which correlates with the ZPE violation of Ecoll. The ZPE issue of the QCT

method is the most significant at low Ecoll, e.g. 1 kcal mol−1, as discussed previously.

With increasing Ecoll the ZPE violation diminishes, e.g. at Ecoll = 80 kcal mol−1 Eint

shifts to the quantum mechanically correct range. Since Etrans cannot be less than

0, the Eint ≤ Ecoll + EZPE relation always holds. As expected, the internal energy
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Figure 5.6: Product relative translational and internal energy for the F− +

CH3F SN2 reaction - Product relative translational energy (left) and internal energy

(right) distribution at different collision energies for the F− + CH3F SN2 reaction. The

dashed lines indicate the zero-point vibrational energy of CH3F. [3]

distribution is almost mirror image of the Etrans distribution, due to the conservation

of the total energy (Eint + Etrans).

The F− + CH3Cl SN2 reaction shows similar behavior regarding the Ecoll

dependence of the Etrans distribution; however, the ZPE issue is not significant. In

order to get deeper understanding of the shift from cold to hot Etrans distribution

with the change of the dominant mechanism of the reaction from indirect to direct,
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we plotted the correlated distribution of Etrans with the velocity scattering angle θ

in Fig. 5.7 at different Ecoll’s in the 1 − 15 kcal mol−1 range. Similarly to the

Figure 5.7: Correlated product relative translational energy and angular

distribution for F− + CH3Cl - Correlation of the translational energy (in kcal

mol−1) with the scattering angle at different collision energies for the F− + CH3Cl→
CH3F + Cl− substitution reaction. [7]
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F− + CH3F SN2 reaction, the Etrans distributions peak at low energies and as the

collision energy increases a second peak emerges at high Etrans. According to the

correlation distribution, at Ecoll of 1 kcal mol−1 the higher Etrans correlates with

forward scattering, which corresponds to the direct stripping mechanism. On the

other hand, at Ecoll = 80 kcal mol−1 the second peak correlates with scattering

angles in the backward hemisphere (90 − 180◦), which corresponds to the direct

rebound mechanism. The Etrans distribution of the Cl− + CH3F SN2 products at

Ecoll of 1 kcal mol−1 is in good agreement with the results obtained by Hase and

co-workers at similar Ecoll of 0.05 eV (1.15 kcal mol−1). [74] Although, at higher Ecoll

of 0.7 eV (16.14 kcal mol−1) a broad peak is present at high translational energies

in agreement with our study at Ecoll = 15 kcal mol−1, the prominent peak seen at

low Etrans is missing from the distribution reported in Ref. [74].

5.4.2 Product mode-specific vibrational distribution

The product mode-specific vibrational distributions for the F−+ CH3Cl(v = 0) SN2

reaction at different collision energies are given in Fig. 5.8. As seen, the reaction

produces vibrationally highly excited CH3F molecules; ground-state products were

virtually not found. The C-F distance corresponding to the transition state struc-

ture is substantially streched by 0.64 Å relative to the corresponding equilibrium

bond length in CH3F; thus, we can expect vibrational excitation of the C-F stretch-

ing mode. Indeed, the most intense lines correspond to the overtones of the C-F

stretching mode v3(a1) with 3− 7 quanta, and their combinations with the bending

modes v6(e) and v5(e), whereas the C-H bonds behave as spectators; thus the the C-

H stretching of the products is negligible. At low collision energy, e.g. 1 kcal mol−1

the product vibrational distribution is significantly hotter than the translational en-

ergy distribution, because at low Ecoll the indirect mechanism minimizes the kinetic

energy release, the collision energy transfers mainly into vibrations, in disagreement

with the results of an earlier measurement. [78] At Ecoll = 1 kcal mol−1 the pop-

ulation of the v3 fundamental is not significant, whereas the nv3, n = 3, 4, . . . , 7

overtones are prominent. On the other hand, at Ecoll = 15 kcal mol−1 the available

energy is transfered into the relative translational energy of the products, due to

the direct fast mechanism. Although, the available vibrational energy is higher, the

most intense peaks shift toward lower vibrational energies. Consequently, at Ecoll
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Figure 5.8: Vibrational energy distribution for CH3F - Normalized CH3F

mode-specific vibrational distributions (showing all the states) at different collision

energies for the F− + CH3Cl(v = 0) → CH3F + Cl− SN2 reaction. The dominant

vibrational states are assigned, where v3(a1) is C-F streching and v6(e) and v5(e) are

bending modes with harmonic frequencies of 1081, 1218 and 1524 cm−1, respectively,

corresponding to the PES from Ref. [7]. The vibrational energies are relative to ZPE

and the results are obtained by Gaussian Binning (1GB), as described in Section 3.5.

as high as 15 kcal mol−1 the peak corresponding to the v3 fundamental becomes

substantial and the dominant peaks are the low overtones of v3 and their combi-

nations with either the v6 or the v5 bending mode. Our quantum-state resolved
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vibrational distributions obtained by a novel normal-mode analysis and Gaussian

Binning (1GB) method agree well with the earlier classical results of Hase and co-

workers. [74]

In contrast, the F−+ CH3Cl(v1 = 0, 1)→ CH2Cl−+ HF(v, J) abstraction

reaction produces vibrationally cold CH2Cl− molecules, where the most prominent

peak corresponds to the vibrational ground state. This finding can be expalined by

the direct mechanism followed above the treshold energy of the abstraction channel,

resulting in mainly backward scattered products (not shown here). Note that the

ZPE violation of CH2Cl− should be concerned similarly to CH2F−. [3] However,

it is interesting to consider the (ro)vibrational energy of the diatomic product HF

for both ground-state and C-H streching excited CH3Cl(v1 = 0, 1) reactant. The

rotational and vibrational quantum numbers were assigned as described in Section

3.4.1. As seen in Fig. 5.9, even at the highest collision energy of 60 kcal mol−1, re-

Figure 5.9: (Ro)vibrational energy distribution for HF - Normalized

(ro)vibrational distribution for HF(v,J) at different collision energies for the ground-

state and the stretching-excited F− + CH3Cl(v1 = 0, 1) → CH2Cl− + HF(v, J) ab-

straction reactions shown on the left and right panel, respectively. The rotational and

vibrational quantum numbers were assigned as described in Section 3.4.1.

gardless of the vibrational excitation of the polyatomic reactant, the (ro)vibrational

disstribution peaks toward the ground vibrational state. On the other hand, the

rotational states are populated up to J = 10, and the dominant peaks correspond

to rotational quantum numbers of 0, 1 and 2.
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5.5 Transition state recrossing

5.5 Transition state recrossing

Statistical theories estimate the reaction rate constant assuming that (a) the en-

ergy redistribution is efficient between the intra- and intermolecular modes of the

pre-reaction complex, and (b) a trajectory passing through the barrier, which cor-

responds to the transition state, never returns to the reactants by recrossing the

barrier. On one hand, (a) is fulfilled in case of SN2 reactions featuring a deep en-

trance channel well and SN2 reactions for larger and complex molecules, when the

expected lifetime of the pre-reaction intermediate is greater than 10−8 s, which is

larger than the period of rotations and intermolecular vibrations of the dissociating

ion-dipole complex. [39, 40] On the other hand, (b) is thoroughly fulfilled only in

case of highly exothermic SN2 reactions. If one of the above assumptions is vio-

lated the reaction is considered clearly nonstatistical. However, in case of certain

SN2 systems such as Cl− + CH3Cl [41, 42] the trajectories can recross the barrier

leading to the violation of the transition state theory. Similarly to the the above

Figure 5.10: Transition state crossing for F− + CH3F - Integral cross sections

of the F− + CH3F SN2 reaction as a function of the number of saddle-point crossings

at different collision energies. Odd and even number of crossings mean reactive and

non-reactive trajectories, respectively.
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chlorine analog, the F−a +CH3Fb → CH3Fa +F−b SN2 identity reaction is expected to

show nonstatistical behavior. Since its reaction path energy profile is characterized

by identical entrance and exit channel wells, connected by a central saddle-point

slightly below the reactant/product asymptotes, the recrossing is expected to play

a significant role in the dynamics. Figure 5.10 shows the cross sections as a function

of the number of crossings through the central barrier. As expected, most of the

Figure 5.11: Non-reactive recrossing for F− + CH3F - Plot of a F−a +CH3Fb →
CH3Fa + F−b SN2 non-reactive recrossing trajectory at Ecoll = 10 kcal mol−1 trapped

in the exit channel for 2.2 ps. Two other types of non-reactive trajectories, trapped

in the entrance channel and both exit and entrance channels are illustrated in Fig. 8

of Ref. [3].

trajectories is either non-reactive with zero crossings or cross the barrier only once.

Although, the cross sections decrease rapidly with increasing number of crossings,

at low Ecoll a significant number doubly crossing (recrossing) non-reactive trajec-

tories were identified. Moreover, we found trajectories which crossed the barrier 3
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5.5 Transition state recrossing

or more times. For example, at Ecoll = 1 kcal mol−1 the cross sections are 13.5,

2.9, 0.7, 0.2, 0.1 and 0.0 bohr2 for 1, 2, 3, 4, 5, and 6 crossings, respectively. The

total SN2 reactive cross section is 13.5 + 0.7 + 0.1 = 14.3 bohr2, whereas the cross

section for the non-reactive trajectories that cross the barrier is 2.9 + 0.2 + 0.0 = 3.0

bohr2. Suppose, we considered all those trajectories that cross the barrier reactive,

the cross section would be overestimated by about 20%. At Ecoll = 2 and 4 kcal

mol−1 the recrossing probability remains similar and even at Ecoll = 10 kcal mol−1,

the reactivity is reduced by 17% due to the recrossings. With increasing Ecoll the

recrossing probability decreases to 2% at Ecoll of 80 kcal mol−1.

A typical recrossing trajectory is shown in Fig. 5.11. As seen, the trajec-

tory passes the barrier fast and then trap in the product well and eventually recross

the barrier and the reactants depart fast. We also identified trajectories which spend

short time in the product well before recrossing and then stays more in the entrance

channel, as well as trajectories trapped in both the reactant and product wells (see

Fig. 8 of Ref. [3]). Conclusively, the pre- and post-reaction van der Waals complexes

play significant role in the dynamics of F− + CH3F reaction.
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Chapter 6

Rotational mode specifity in the

F− + CH3F and F− + CH3Cl SN2

reactions

The translational, vibrational and rotational energy distribution of the reactants

in a chemical reaction strongly determines the chemical reactivity. The selective,

mode specific excitation of different degrees of freedom contribute to the better un-

derstanding of the enhancement effects and it has practical implications in governing

the chemical processes toward desired products, since the selectively breaking chem-

ical bonds has always been the dream of chemists.

For instance, on the basis of experimental and theoretical observations

Polanyi proposed in 1972 intuitive rules for predicting the role played by the reac-

tant vibrational and translational activation in atom + diatom reactions. [163, 164]

For a reaction with a reactant-like barrier (transition state resembling the reac-

tants), the translational energy is more effective in promoting the crossing thorough

the barrier, while in case of product-like barrier (transition state resembling the

products) the reverse is true, that is the vibrational energy is more effective in sur-

mounting the barrier. Although, Polanyi’s rules were valid for the H and Cl + H2O

reactions, [165, 166, 167] the extension of these rules to reactions involving poly-

atomic molecules is not straightforward. As it was demonstrated by the quantum

dynamical study of the Cl + CHD3 reaction [168] the violation of the Polanyi’s

rules necessitates the development of new general models to understand the energy
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distribution and mode specifity in polyatomic reactions.

Whereas in atom + diatom reactions the reactant’s vibration can be char-

acterized by a single quantum number v, an N -atomic nonlinear molecule has 3N−6

vibrational degrees of freedom, and the effect of excitation on the various vibrational

modes is different. Similarly, the reactant’s rotation in atom + diatom reactions can

be characterized by a single rotational quantum number J , whereas symmetric and

asymmetric polyatomic rotors can be described by the total rotational angular mo-

mentum quantum number J and its projections, K and KaKc, respectively, to the

body-fixed axes. Although, the rotational mode specifity of atom+triatom reactions

was extensively studied both experimentally and theoretically, little is known about

the rotational mode specific, that is, K-dependent, effects on chemical reactivity.

In recent years there was a progress toward the deeper understanding of

the rotational enhancement effects in polyatomic reactions at a quantum state re-

solved level. In 2014 the JK-dependent reactivity of H, Cl, and O(3P) + CHD3

was studied. [169, 170, 171] The seven-dimensional quantum dynamical study of

the H + CHD3(v = 0)→ H2 + CD3 reaction found that the rotational excitation of

CHD3 up to J = 2 has no effect on the reactivity. [169] A joint crossed-beam, quan-

tum dynamics and QCT study of the Cl + CHD3(v1 = 1) → HCl + CD3 reaction

showed that the tumbling rotation (K = 0) substantially enhances the reactivity,

whereas the spinning rotation (K = J) around the CH axis has smaller enhance-

ment factors. [170] QCT calculations lead to similar findings for the reaction of

ground-state and CH stretching-excited CHD3(v1 = 0, 1) with O(3P). [171] Very

recently Liu and coworkers showed in a crossed-beam, product-imaging experiment

for the Cl + CHD3(v1 = 1) that the integral cross sections are initial JK state

dependent, however the angular distributions are not affected by the rotational ex-

citation. [172] This is in line with the QCT results obtained by Czakó for the O(3P)

+ CHD3 reaction. [171] For the OH + CH3 → O + CH4 central barrier reaction

six- and seven-dimensional time-dependent wave packet studies found, albeit not

JK specifically, that the rotational excitation of CH3 and OH decreases the reac-

tivity. [173, 174]

In 2015 we initiated the investigation of the JK rotational state specific

reactivity of SN2 reactions focusing on the prototypical F− + CH3Y [Y = F and

Cl] reactions. [2] The polyatomic reactant CH3Y is a prolate-type symmetric top
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Figure 6.1: JK -dependent excitation functions - JK-dependence of the integral

cross sections ICS(JK) and their ratios ICS(JK)/ICS(J = 0) for the F− + CH3F(v =

0, JK) → F− + CH3F and F− + CH3Cl(v = 0, JK) → Cl− + CH3F SN2 reactions

as a function of the collision energy. [2]

molecule with rotational constants A = 5.25/5.27 and B = C = 0.86/0.44 cm−1

for Y = F/Cl, whereas the above-discussed CHD3 molecule is an oblate rotor with

rotational constants A = B = 3.29 and C = 2.64 cm−1. Moreover, the X + CHD3

[X = H, Cl and O(3P)] reactions are endothermic with substantial barriers, whereas

the F− + CH3F SN2 reaction is isoenergetic with a slightly negative barrier and

the F− + CH3Cl SN2 reaction is highly exothermic with negative barrier as seen in

Fig. 4.1 and 4.2, respectively. In contrast to the X + CHD3 reactions where only

weak van der Waals interactions exist, in the SN2 reactions long-range attractive

ion-dipole forces are expected resulting in substantial stereodynamical effects. On

the basis of different rotational constants and PES characteristics one may expect
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6.1 JK-dependent excitation functions

that the reactant’s state-specific rotational excitations have different effects on the

dynamics of the X + CHD3 and F− + CH3Y reactions.

The QCT computations were performed for the F− + CH3Y [Y = F

and Cl] reactions using our full-dimensional analytical PESs. [3, 5] We employed

standard normal sampling as described in Section 3.2.1 to prepare the vibrational

ground-state of CH3Y. The initial rotational quantum numbers JK were set by fol-

lowing the procedure described in Section 3.2.2. Regarding the rotational modes of

the CH3Y molecule, we considered two cases. On the one hand, (J > 0, K = 0)

means the tumbling rotation, when the classical angular momentum vector is per-

pendicular to the C-Y axis (C3 axis). On the other hand, the (J > 0, K = J) case

means that the angular momentum vector is parallel with the C-Y axis, which corre-

sponds to the spinning rotation about the C-Y bond. Note that the angular velocity

of the spinning rotation is significantly larger than that of the tumbling rotation,

because the CH3Y is a prolate top molecule, where the A � B = C relations hold

between the rotational constants.

6.1 JK-dependent excitation functions

To examine rotational mode specifity, the JK initial rotational state specific integral

cross sections (ICS) and rotational enhancement factors for the F− + CH3Y(v =

0, JK) [Y = F and Cl] SN2 reactions in the Ecoll = 1 − 20 kcal mol−1 range are

plotted in Fig. 6.1. As seen, the cross sections of the F− + CH3Cl reaction are

about an order of magnitude higher than that of F− + CH3F and decrease rapidly

with Ecoll. Furthermore, the excitation function of F− + CH3F has a minimum at

Ecoll ≈ 4 − 7 kcal mol−1 and become nearly constant above Ecoll = 10 kcal mol−1

up to Ecoll of 80 kcal mol−1 as discussed in Section 5.1. Note that at low Ecoll the

absolute cross sections of the F− + CH3F reaction decrease substantially due to the

ZPE violation.

JK-dependent integral cross sections and (JK)/(J = 0) cross sections

ratios (enhancement factors) are depicted in Fig. 6.1. As seen, the rotational exci-

tations usually inhibit both the F− + CH3F and F− + CH3Cl reactions in the Ecoll

range investigated. However, the extent of inhibition depends on several factors,

such as the JK rotational quantum numbers, the Ecoll, and the leaving group. In
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Figure 6.2: JK -dependent differential cross sections - Scattering angle (θ)

and attack angle (α) distributions at collision energy of 10 kcal mol−1 for the F− +

CH3F(v = 0, JK) → F− + CH3F and F− + CH3Cl(v = 0, JK) → Cl− + CH3F SN2

reactions. For definition of θ and α see Fig. 3.1. [2]
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case of F− + CH3F for the K = 0 states the rotational enhancement factors have

a deep minimum of 0.35 at around Ecoll = 10 kcal mol−1, whereas the K = J ro-

tational effects are in the 0.6 − 1.0 range up to Ecoll ≈ 10 kcal mol−1 and tend to

1.0− 1.1 with increasing Ecoll. In contrast, for the F− + CH3Cl reaction the K = 0

rotational effects are negligible, but for the K = J states the enhancement factors

are more pronounced having a minimum at Ecoll = 10 kcal mol−1, where the en-

hancement factors are 0.97, 0.89, 0.79, and 0.75 for J = 2, 4, 6, and 8, respectively,

whereas the corresponding values at Ecoll = 20 kcal mol−1 are 1.03, 1.00, 0.94, and

0.90. Interestingly, at Ecoll = 20 kcal mol−1 the (JK) = (22) state promotes the

reaction, and we expect promotion for higher J values as well, as we further increase

the Ecoll. In order to confirm this promotion, we have computed the (JK) = (44)

enhancement factor at Ecoll = 30 kcal mol−1, which turned out 1.06.

6.2 JK-dependent angular distributions and opac-

ity functions

For a better understanding of the mechanistic origin of the rotational enhancement

effects we plot the product scattering angle and initial attack angle distributions, as

well as the opacity functions for both reactions at Ecoll = 10 kcal mol−1 in Figures

6.2 and 6.3, respectively. [2] Note that Ecoll = 10 kcal mol−1 was chosen, because

the enhancement effects are the most significant at this Ecoll. The scattering (θ) and

initial attack angles (α) are defined in Fig. 3.1. As shown in Fig. 6.3 the opacity

functions are split into the individual contributions of direct rebound and indirect

mechanisms on the basis of the integration time. For the F− + CH3F reaction,

without rotational excitation (J = 0) the products are mainly backward scattered,

indicating the dominance of the direct rebound mechanism at Ecoll = 10 kcal mol−1.

With increasing J while K = 0, the angular distributions become more isotropic,

which indicates a shift from direct toward indirect mechanisms, whereas for the

K = J states the shift is less significant. This is in line with the (J = 8, K = 0)

and (J = 8, K = 8) reaction probabilities, respectively, as shown in Fig. 6.3. The

influence of the rotational excitation on the orientation effects can be followed by the

change in the initial attack angle distributions, which shows the preference of back-

side attack for J = 0, whereas the (J > 0, K = 0) excitation hinders the backside
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Figure 6.3: JK -dependent opacity functions - Reaction probabilities at collision

energy of 10 kcal mol−1 for the F− + CH3F(v = 0, JK) → F− + CH3F, F− +

CH3F’(v = 0, JK) → F’− + CH3F (mF′ = 35.5 amu), and F− + CH3Cl(v = 0, JK)

→ Cl− + CH3F SN2 reactions. The direct reaction probabilities were obtained from

fast trajectories characterized by integration times lower than 0.65, 1.16, and 0.87 ps,

respectively. [2]

attack reactivity. This rotational inhibition can be explained as the consequence of

the tumbling rotation, which counteracts the orientation effects caused by ion-dipole

interactions. Although, the enhancement factors are larger in the Ecoll = 1− 4 kcal

mol−1 range for J = K than for K = 0, the spinning rotation has little effect on

the attack angle distributions. This difference in reactivity is due to the relatively

fast spinning rotation, which can inhibit the indirect mechanism by hindering the

complex formation, which is not significantly affected by the slow tumbling rotation.

In contrast, for F− + CH3Cl the rotational excitation has negligible ef-

fect on the angular and attack angle distributions. Furthermore, the J = 0 and
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6.2 JK-dependent angular distributions and opacity functions

(J = 8, K = 0) mechanism specific reaction probabilities are also very similar.

Compared to F− + CH3F, the entrance-channel well of F− + CH3Cl is 2 − 3 kcal

mol−1 deeper, which indicates stronger attractive forces; thus, the tumbling rota-

tion cannot counteract the steering effects in F− + CH3Cl. In the K = J case the

angular and attack angle distributions change similarly to the F− + CH3F reaction;

however, the F− + CH3Cl reaction becomes more direct upon excitation of the spin-

ning rotation.

In order to decide whether the difference in tumbling rotational effects for

the two reactions is caused by the different PESs or the different rotational constants

of the reactants, we performed QCT computations at Ecoll = 10 kcal mol−1 for the

F− + CH3F’ reaction using the PES of F− + CH3F, but setting the mass of F’ to

the mass of Cl (mF′ = 35.5 amu). [2] As shown in Fig. 6.3, the overall reaction

probability decreases upon we increased the mass of the leaving group. However, the

mechanism-specific opacity functions are rather like F− + CH3F than F− + CH3Cl.

For F− + CH3F’ the (J = 8)/(J = 0) enhancement factors are 0.34 and 0.71 in case

of K = 0 and K = J , respectively, while the corresponding values for F− + CH3F

are 0.35 and 0.64. Based on the similar cross section ratios, we can conclude that

the different PES shapes are responsible for the different tumbling rotational effects

found for the two reactions.

In summary, we found theoretical evidence for rotational mode specifity for

the prototypical F− + CH3Y [Y = F and Cl] bimolecular reactions. The rotational

excitation inhibits these reactions because (a) the tumbling rotation counteracts the

orientation effects caused by ion-dipole interaction and diverts the trajectories from

the reaction path; (b) the fast spinning rotation can hinder the complex formation

and makes most of the indirect trajectories nonreactive or speeds up the reactvity

at small impact parameters. Our results along with recent observations on the Cl/O

+ CHD3 reactions may inspire more theoretical and experimental studies, required

to formulate general rules, which can predict the effects of mode-specific rotational

excitations; thereby leading to exercise rotational control over arbitrary reactions

involving symmetric tops.

93



Chapter 7

Retention mechanisms of the

X− + CH3Y [X, Y = F, Cl, Br, I]

SN2 reactions

Stereo-specifity is a fundamental aspect of SN2 reactions; regular back-side attack

(BSA) SN2 reactions undergo a simultaneous bond formation and bond cleveage

while the configuration is inverted around the carbon center (Walden inversion).

Aside this well-known mechanism there is a front-side attack (FSA) substitution

pathway, when the nucleophile X− attacks the CH3Y substrate from aside, then

passes through a high energy barrier and results in retention of the initial configu-

ration (see Figures 4.1 and 4.2). [3, 5] Due to the high barrier of the FSA compared

to that of BSA, the former one is in general substantially less efficient; thus the

FSA configuration-retaining pathway opens only at high collision energies in our

simulations.

Although, the possibility of retention via a pentacoordinate transition-

state was predicted earlier by Gillespie and Ugi [175, 176], solid experimental sup-

port for retention of configuration via front-side attack was provided in 1978 by

Cayzergues et al. [177] in a study of the reaction between lithium ethoxide and 3-

chlorobut-1-ene in ethanol. Later, theoretical calculations showed that for identity

halogen exchange SN2 reactions the transition-state corresponding to the FSA is far

higher than the barrier height of the traditional backside SN2 pathway. [65, 178]

The front-side attack pathway has been much less studied, so far our knowledge
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7.1 Dynamics of the retention mechanisms

being limited to FSA transition state structures and energies of various halogen

exchange reactions determined at different ab initio levels of electronic structure

theory, [62, 70] as well as minimum energy paths predicted from structure-energy

relationships. [70, 72] Hase and co-workers searched for front-side attack trajectories

in case of Cl− + CH3Cl using direct dynamics simulations performed at HF/3-21G*

level of theory. [179] Although, their attempt to induce this mechanism failed, their

trajectories attained an approximate C2v structure similar to the Cs configuration

of the FSA barrier. [179]

Dynamical simulations on the F− + CH3Cl and F− + CH3F reactions

using our PESs revealed besides the front-side attack a new retention mechanism

called double-inversion (DI), [3, 5] which starts with a hydrogen abstraction, then

an inversion occurs via a [XH· · ·CH2Y]− complex followed by the inversion via the

traditional [X· · ·CH3· · ·Y]− transition state. After the first induced inversion, ei-

ther the reaction produces an inverted CH3Y molecule or it is followed by a second

inversion resulting in a CH3X product with retention of the initial configuration.

For the F− + CH3Y [Y = F, Cl] reactions we have identified FH· · ·CH2Y− [Y =

F, Cl] transition states of Cs point-group symmetry, in which the CH2Y− [Y = F,

Cl] groups are almost planar and FH is in the Cs plane. As seen in Figures 4.1

and 4.2, the classical barrier heights of double inversion for F− + CH3F and F− +

CH3Cl is only 29.2 and 16.4 kcal mol−1, whereas the corresponding barrier heights

for the front-side attack are 46.1 and 31.3 kcal mol−1. Thus, we can expect that

the double-inversion is a retention mechanism which opens at substantially lower

collision energy than the front-side attack pathway. Indeed, we can find trajectories

with retention of configuration well below the barrier height of the front-side attack

pathway.

In following sections the detailed mechanism of the double-inversion and

front-side attack reaction pathways is discussed.

7.1 Dynamics of the retention mechanisms

To get deeper insight into the mechanistic detalis of the configuration-retaining

double-inversion and front-side attack mechanisms, we have performed quasi-classical

trajectory computations employing our global full-dimensional analytical PESs de-
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veloped for the F− + CH3F [3] and F− + CH3Cl [5] systems.

7.1.1 Integral cross sections

The collision energy dependence of the SN2 and H-abstraction integral cross sections

for the F− + CH3Cl and F− + CH3F reactions was discussed in detail in Section 5.1.

As shown in Fig. 7.1 for F− + CH3Cl, the SN2 ICSs are large and decrease rapidly

with increasing Ecoll, whereas the H-abstraction channel is highly endothermic, its

zero-point energy corrected endothermicity is 24.5 kcal mol−1 calculated on the PES.

The QCT treshold energy shows that the HF + CH2Cl− channel opens as soon as it

becomes energetically available and the ICSs increase with Ecoll. Note that the small

reactivity observed at Ecoll < 24.5 kcal mol−1 is due to ZPE violation of the prod-

ucts. As expected, the excitation of the CH symmetric streching vibrational mode

with one quantum (v1 = 1) has only slight effect on the SN2 reactivity, because the

CH streching behaves as a spectator mode in the SN2 reaction. The H-abstraction

is substantially enhanced by the CH streching excitation. At Ecoll > 40 kcal mol−1

a slight decay is seen, due to the lower interaction time of the reactants.

As shown in Fig. 7.1, the ICSs for the F− + CH3Cl reaction configuration-

retaining substitution are one order of magnitude lower than those of the Walden-

inversion mechanism and H-abstraction, but the absolute cross-sections are not neg-

ligible, because the H + CD4 → HD + CD3 abstraction reaction has similar small

ICSs. [161] Based on the analysis of the integration time of the reactive trajecto-

ries and the relative velocity of the resulted products we could distinguish between

double-inversion and front-side attack trajectories and we could obtain mechanism-

specific retention ICSs. We found that the front-side attack trajectories are direct

and occur within 0.65 ps, whereas the double-inversion mechanism is a slow indi-

rect process which always requires more than 0.65 ps in order to finish. As seen in

Fig. 7.1 for F− + CH3Cl(v = 0) the double-inversion opens at ∼10 kcal mol−1 and

increases with Ecoll. Above Ecoll = 30 kcal mol−1 the reactivity via double-inversion

decreases, because the large Ecoll does not favour the indirect mechanism and the

abstraction channel opens. The front-side attack path opens at ∼40 kcal mol−1, well

above the adiabatic barrier height (29.3 kcal mol−1) and raise the ICS again.

Since in the first step of the double inversion the CH3Cl reactant is in-

verted via the [FH· · ·CH2Cl]− transition-state, we get inverted CH3Cl molecules if
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7.1 Dynamics of the retention mechanisms

Figure 7.1: Excitation functions for the ground and CH-streching-excited

F− + CH3Cl(v1 = 0, 1) reactions - Integral cross sections as a function collision

energy for the back-side attack substitution and abstraction channels (upper panel),

front-side attack (FSA) and double-inversion (DI) configuration-retaining substitution

(middle panel), and induced inversion of the reactant CH3Cl (bottom panel). [5]
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the first inversion is not followed by substitution via the traditional SN2 transition-

state. The Ecoll dependence of the abstraction-induced inversion is consistent with

that of the double-inversion ICSs: the induced inversion opens at Ecoll = 10 kcal

mol−1 and the ICSs have a maximum at Ecoll = 30 kcal mol−1. Interestingly, the

double and induced inversion ICS values are similar, showing that in ∼50% of the

cases the induced-inversion is followed by a substitution event. As expected the

CH-stretching excitation substantially enhances the double and induced inversions

and shifts their treshold energy to lower Ecolls.

In case of the F− + CH3F(v = 0) reaction the retention mechanisms were

also distinguished based on the integration time. At Ecoll = 30 and 40 kcal mol−1

a time limit of 0.65 ps separates the two mechanism; however the Ecoll = 50, 60,

70 and 80 kcal mol−1 longer time limits of 1.5, 1.8, 2.2 and 2.2 ps, respectively,

have to be used. As Fig. 7.2 shows the retention mechanism open at collision

Figure 7.2: Excitation functions for the F− + CH3F reaction - Integral cross

sections as a function collision energy for the front-side attack (FSA) and double-

inversion (DI) configuration-retaining substitution, and induced inversion (IND) of

the reactant CH3F. [3]

energies above the adiabatic barrier height of the double-inversion (26 kcal mol−1).

The front-side attack pathway opens above its barrier height of 45 kcal mol−1 and

becomes the dominant retention mechanism as Ecoll increases. At the highest Ecoll

of 80 kcal mol−1 the front-side attack ICSs approach the abstraction ones. More-
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over, considering the concave-up and nearly constant shapes of the front-side attack

and inversion excitation functions, respectively, we can expect that at high Ecoll the

retention could be the dominant mechanism for the F− + CH3F reaction. It is inter-

esting to compare the F− + CH3F reaction with the similar Cl− + CH3Cl symmetric

halogen exchange reaction, where a direct dynamics study did not find front-side

attack trajectories. [179] Since the double-inversion barrier height of F− + CH3F is

about twice as high as that of F− + CH3Cl the double-inversion ICSs are smaller

than those of the F− + CH3Cl reaction. For F− + CH3F the induced-inversion

pathway which leads to an inverted reactant was also confirmed by analyzing the

’non-reactive’ trajectories. The induced- and double inversion ICS curves have sim-

ilar characteristics, but as in case of the F− + CH3Cl system the induced inversion

has larger cross-sections.

7.1.2 Differential cross sections

Product scattering distributions for the F− + CH3Cl(v1 = 0, 1) reactions at Ecoll =

50 kcal mol−1 are shown in Fig. 7.3. The back-side attack reaction results in

mainly backward scattered products, because the [F· · ·CH3· · ·Cl]− transition-state

is collinear and the direct mechanism is dominant at high Ecoll. For the H-abstraction

channel, clear preference for backward scattering is found, indicating that stripping

is not significant at Ecoll = 50 kcal mol−1. In case of the direct front-side attack

substitution mechanism the dominance of the sideways scattering is seen as expected

based on the transition-state structure, because the F−C−Cl angle is about 81◦ at

the transition-state. The double-inversion substitution is characterized by a nearly

isotropic angular distribution indicating an indirect mechanism, where long-lived

H-bonded complexes are formed. CH-stretching excitation has no significant ef-

fect on the angular distributions, only the front-side attack angular distribution is

broadened by the v1 = 1 excitation.

7.1.3 Step by step mechanisms

Representative trajectories illustrating the key steps of the front-side attack and the

double-inversion, and showing the potential energy as a function of the integration

time are shown in Fig. 7.4. [5] As seen, in the first 0.15 ps while the reactants
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Figure 7.3: Product angular distributions for the ground and CH-

streching-excited F− + CH3Cl(v1 = 0, 1) reactions - Normalized scattering

angle distributions for the back-side attack, double-inversion and front-side attack

substitution pathways and for the abstraction channel at a collision energy of 50 kcal

mol−1. [5]

approach each other, the potential energy oscillates around 12 kcal mol−1, in agree-

ment with the virial theorem. The front-side attack mechanism is very direct, the

system goes through a high barrier resulting in vibrationally excited CH3F product.

On the other hand, the double-inversion occurs on a longer time scale via an indirect

mechanism. As a first step, a proton is transfered from CH3Cl to the F−, but the

system does not have enough energy to fall apart, thus the HF starts to move around
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Figure 7.4: SN2 retention mechanisms - Snapshots of representative trajectories

showing the front-side attack and double-inversion mechanisms of the F− + CH3Cl(v

= 0) reaction at a collision energy of 50 kcal mol−1. The potential energies, relative

to the F− + CH3Cl(eq) asymptote, obtained from the fitted PES and direct ab initio

computations are shown as a function of time. Blue background denotes inverted

configuration relative to that of the reactant (yellow). [5]

CH2Cl− and eventually a C-H bond forms while the configuration around the carbon

centre gets inverted via a [FH· · ·CH2Cl]− saddle point of Cs symmetry. Then, the

C-F bond forms and the C-Cl bond breaks simultaniously, when the configuration

is inverted via the usual C3v saddle point. In order to verify the retention pathways

direct ab initio computations were performed. As seen in Fig. 7.4, the ab initio

energy points agree well with the analytically fitted PES points, thereby confirming

the retention pathways.

The novel double-inversion mechanism revealed for the F− + CH3Cl and

F− + CH3F reactions may be a general mechanism for substitution reactions, where

the H-abstraction and front-side attack are competing channels. Furthermore, the
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first step of the double-inversion mechanism is reminiscent of the famous roaming

mechanism discovered for the photodissociation of formaldehyde (H2CO) [180, 181]

and acetaldehyde (CH3CHO) [182, 183] Combined experimental and theoretical in-

vestigations suggest that in roaming the radical fragments do not have enough energy

to dissociate; therefore the H atom explores a large region of the potential energy

surface before the H2 and CO molecular products are formed. Similarly to the

above intramolecular hydrogen abstraction, in double inversion, the [FH· · ·CH2Cl]−

complex cannot dissociate; but the system has enough energy to invert the config-

uration around the carbon atom. From a broader perspective, the roundabout SN2

mechanism discovered for the Cl− + CH3I bimolecular substitution reaction at high

collision energies, [48, 51] also has features similar to roaming and the first step of

double inversion. During the roundabout mechanism Cl− first strikes the side of

CH3, causing it to rotate around the massive I atom. After one CH3 rotation Cl−

attacks the C atom backside and directly displaces I−. [48]

7.2 Generalizing the retention mechanisms

Since the double-inversion mechanism revealed for F− + CH3Cl [5] and F− + CH3F

[3] by dynamical simulations, may be a general retention mechanism we investigated

its possibility in 16 SN2 reactions of the X− + CH3Y type, where X and Y are F,

Cl, Br, and I. Six SN2 reactions are exothermic when the atomic number of X is less

than that of Y, the six reverse reactions are endothermic; and there are four isoen-

ergetic identity reactions, when X and Y are the same. Many electronic structure

calculations [33, 34, 61, 67, 69, 158] and dynamics simulations [7, 51, 184, 185, 186]

were performed to investigate the Walden inversion pathway involving the central

transition states and the pre- and postreaction ion-dipole and hydrogen-bonded

complexes. Therefore, we focused on the less-studied front-side attack and the novel

double inversion pathways, as well as the proton-abstraction channel. [4]

High-level ab initio methods were utilized to characterize the structure

and energetics of the double-inversion and front-side attack saddle-points and the

products corresponding to the proton-abstraction channel asymptote. The struc-

tures and harmonic vibrational frequencies of the stationary points were computed

employing the CCSD(T)-F12b method in conjunction with the aug-cc-pVXZ [X =
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D and T] basis sets. For Br and I, small-core energy-consistent relativistic effective

core potentials and the corresponding aug-cc-pVXZ-PP [X = D and T] basis sets

were used. Note that the electron correlation computations were performed within

the usual frozen-core approach.

7.2.1 Saddle-point energies

The classical and zero-point energy (ZPE)-corrected adiabatic relative energies of the

double-inversion and front-side attack saddle points and the HX + CH2Y− products

obtained at the CCSD(T)/aug-cc-pVTZ(-PP) level of theory are given in Fig. 7.5

Additionally, the corresponding aug-cc-pVDZ(-PP) energies were also computed.

The two basis sets provide the same relative energies within ∼0.5 kcal mol−1, which

shows the fast basis set convergence of the explicitly correlated F12 method and

suggests that the uncertainty of the relative energies obtained at the CCSD(T)/aug-

cc-pVTZ(-PP) level of theory is only ±0.1 kcal mol−1 relative to the complete-basis-

set limit. Furthermore, benchmark relative energies are available for F− + CH3F

[3] and F− + CH3Cl [5] obtained by the focal-point analysis approach (see Section

2.2.5). The FPA classical barrier heights and the reaction endothermicity for the Y

= F/Cl leaving groups are 29.2/16.4, 46.1/31.3, and 42.0/29.2 kcal mol−1 for double-

inversion, front-side attack, and abstraction, respectively, whereas the corresponding

CCSD(T)/aug-cc-pVTZ values are 28.7/15.8, 45.8/31.0, and 42.1/28.7 kcal mol−1,

suggesting that the present results are well within chemical accuracy (1 kcal mol−1).

As seen in Fig. 7.5, the double-inversion barrier heights and the proton-

abstraction endothermicity of the X− + CH3Y reactions decrease as X and Y go

from I to F and F to I, respectively; thus, F− + CH3I reaction has the lowest double-

inversion saddle point and abstraction endothermicity. Interestingly, in all cases the

double-inversion barrier height is below the H-abstraction asymptote. Therefore,

the proton-induced inversion (the first step of double-inversion) can happen even if

the system does not have enough energy to form HX + CH2Y− abstraction products.

The F− + CH3F and F− + CH3Cl reactions, where the double-inversion mechanism

was revealed, are among the F− + CH3Y reactions with the lowest classical double-

inversion barrier heights. Since the barrier heights decrease as Y goes from F to I,

the F− + CH3I reaction might be the best candidate for double inversion.

Regarding the front-side attack there are only 10 distinct saddle points
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Figure 7.5: Double-inversion and front-side attack saddle-point energies

- Classical and zero-point vibrational energy corrected (adiabatic) energies of the

double-inversion and front-side attack saddle points and abstraction channel prod-

ucts (HX + CH2Y−) relative to the energies of the reactants, X−(color coded) +

CH3Y(columns), obtained at the CCSD(T)-F12b/aug-cc-pVTZ(-PP) level of theory.

[4]

because the forward and backward reactions have the same transition states. It is

worth noting that the barrier heights of the nonidentity X− + CH3Y and Y− +

CH3X reactions are different because the same saddle-point is relative to different

reactant energies. Comparing the front-side attack and double-inversion barrier

heights one can observe similar trends, the front-side attack barrier heights of X−

+ CH3Y change in the same manner with X and Y. Thus, the I− + CH3F has the

highest front-side attack classical barrier (66.8 kcal mol−1), whereas F− + CH3I has
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the lowest one (19.5 kcal mol−1). In case of X− + CH3X identity reactions the

barrier heights increase from F to Cl and then decrease from Br to I.

In case of the F− + CH3Y [Y = F, Cl, Br and I] reactions the double-

inversion barrier heights are well below the front-side attack ones. Thus, for the

four reactions involving the F− nucleophile we can expect configuration-retaining

trajectories at collision energies below the front-side attak barrier. Indeed, our

QCT simulations for the F− + CH3F and F− + CH3Cl systems support this finding,

because the treshold energy of the double- and induced-inversion is below the saddle-

point energy of the front-side attack. For Cl−, Br−, and I− nucleophiles the double-

inversion classical barrier heights are higher than the front-side attack ones.

Figure 7.5 also displays the ZPE corrected adiabatic barrier heights. As

seen, the ZPE corrections have no significant effect on the front-side attack barrier

heights, whereas the ZPE effects on the double-inversion barrier heights and the

endothermicity of the hydrogen-abstraction channels are substantial. In case of

double-inversion the barrier heights are below the classical ones by about 2− 3 kcal

mol−1 for F− + CH3Y and by about 4−6 kcal mol−1 for the other 12 reactions. For

the abstraction channels, the ZPE correction decreases the asymptotic energy for HF

+ CH2Y− by 3−5 kcal mol−1 and by 5−7 kcal mol−1 for the other reactions. Despite

the large ZPE effects, the adiabatic and classical relative energies are qualitatively

similar.

7.2.2 Saddle-point structures

The geometries and the most important structural parameters obtained at the

CCSD(T)/aug-cc-pVTZ(-PP) level of theory are displayed in Fig. 7.6 and 7.7 for

the double-inversion and front-side attack saddle points, respectively. The structural

parameters of the reactants (CH3Y−) and the abstraction channel products (CH2Y−

and HX) are given in Table 7.1. As seen in Fig. 7.6, all the double-inversion saddle

points have Cs point-group symmetry and consist of an XH and a CH2Y− fragment.

The XH distances are slightly streched relative to the free HX molecule; the FH

distances showing the most significant streching effects in the 0.06− 0.09 Å range.

The structure of the CH2Y− fragment is similar to that of the isolated CH2Y− in

case of X = Cl, Br, and I, whereas for FH· · ·CH2Y− the structure of the CH2Y−

fragment is significantly distorted and close to a planar structure; for example, the
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Table 7.1: Structural parameters of the reactants (CH3Y) and the abstraction chan-

nel products (CH2Y− and HX) in angstroms and degrees.a [4]

CH3F CH3Cl CH3Br CH3I

r(CY) 1.384 1.782 1.941 2.143

r(CH) 1.089 1.085 1.084 1.084

α(HCY) 108.8 108.4 107.7 107.6

CH2F− CH2Cl− CH2Br− CH2I−

r(CY) 1.494 1.927 2.096 2.278

r(CH) 1.112 1.106 1.107 1.108

α(HCY) 101.9 99.2 97.6 97.3

β(HCYH) 106.9 105.5 104.5 104.3

HF HCl HBr HI

r(HX) 0.918 1.277 1.419 1.617

aResults obtained at the CCSD(T)-F12b/aug-cc-pVTZ(-PP) level of theory.

CI distance is contracted by 0.165 Å relative to the isolated CH2I−. The HbCY an-

gles, where Hb denotes the abstracted hydrogen atom, are in the range 90−100◦ for

FHb· · ·CH2Y− [Y = F, Cl, Br, I] and ClHb· · ·CH2I−, whereas for the other reactions

the HbCY angles are in the 55− 65◦ range. The similarity of the FHb· · ·CH2Y− [Y

= F, Cl, Br, I] and ClHb· · ·CH2I− saddle points is also present in the HbC distances

(∼1.8 Å), whereas the corresponding values are in the 2.2−2.7 Å range for the other

11 systems.

As Fig. 7.7 shows all the front-side attack saddle points consist of a penta-

coordinate carbon atom, where the CX and CY distances show significant streching

effects from 0.5 to 0.8 Å relative to the corresponding bond lengths in the isolated

methyl-halides. The FYCH−3 structures have Cs point-group symmetry with four

atoms (F, Y, C, and H) in the Cs plane. Although the identity reactions also have

Cs symmetry, the two identical halogens and two hydrogen atoms are out of the

Cs plane. Furthermore, the ClBrCH−3 , ClICH−3 , and BrICH−3 transition states have
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Figure 7.6: Structures of the double-inversion saddle points - The struc-

tures were obtained at the CCSD(T)-F12b/aug-cc-pVTZ(-PP) level of theory. The

distances and Hb-C-Y angles are given in angstroms and degrees, respectively, where

Hb denotes the abstracted hydrogen atom in the Cs plane. [4]

structures similar to the identity reactions; however, because of the different halo-

gen ligands these saddle points have C1 symmetry. The XCY angles are about ∼80◦
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Figure 7.7: Structures of the front-side attack saddle points - The structures

were obtained at the CCSD(T)-F12b/aug-cc-pVTZ(-PP) level of theory. The CX and

CY distances and the XCY angles are given in angstroms and degrees, respectively.

[4]

if X or Y is F; otherwise, the angles are ∼85◦, which is due to the steric effects,

considering the shorter van der Waals radius of the F atom. In addition, these XCY

angles are consistent with the pronounced sideways scattering found in the case of

front-side attack pathways of the F− + CH3F [3] and F− + CH3Cl [5] reactions,

with front-side attack saddle-point XCY angles of ∼81◦.
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Before discussing the inversion of the CH2Y− group via the XHb· · ·CH2Y−

saddle point, it is also of specific interest to consider the inversion of the isolated

CH2Y−. The equilibrium structure of CH2Y− is characterized by a pyramidal atomic

arrangement, similar to the C3v structure of the ammonia (NH3) molecule; [9, 131]

however, the former belongs to the Cs point-group due to the non-identical Y, H

ligands. Similarly to the double-well potential exhibited by the umbrella motion of

NH3, the CH2Y− also can be inverted via a planar CH2Y− barrier with C2v sym-

metry, as shown in Fig. 7.8. The inversion classical barrier heights are 13.0, 12.7,

Figure 7.8: Potential energy curves for CH2Y
−; Y = F, Cl, Br, I - The scans

were obtained by constrained optimization at the CCSD(T)-F12b/aug-cc-pVDZ(-PP)

level of theory. The inversion coordinate α is defined as the ZCH angle, where Z is a

dummy atom in the Cs plane with ZCY angle of 90◦. [4]

14.4, and 13.8 kcal mol−1 for Y = F, Cl, Br, and I, respectively, at the CCSD(T)-

F12b/aug-cc-pVTZ(-PP) level of theory. Although, these barriers are higher than

the inversion barrier of NH3 (∼5 kcal mol−1), the barrier heights are small enough

to facilitate the induced inversion in X− + CH3Y reactions.

In order to investigate the minimum energy path of the induced inversion,

we performed constrained optimizations starting from the double-inversion saddle-

points and fixing the α(ZCH) inversion coordinate, defined using a dummy atom Z

in the Cs plane with ZCY angle of 90◦ and one of the out-of-plane H atoms. All

the other internal coordinates were relaxed over the course of the scan. Fig. 7.9
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Figure 7.9: Minimum energy path of the induced inversion - Potential energy

scans for the proton-abstraction-induced inversion of the F− + CH3Cl and F− +

CH3I reactions obtained by constrained optimizations at the CCSD(T)-F12b/aug-cc-

pVDZ(-PP) level of theory. The inversion coordinate α is defined as the ZCH angle,

where Z is a dummy atom in the Cs plane with ZCY angle of 90◦ and H is one of the

out-of-plane H atoms. The energies are relative to F− + CH3Y(eq) [Y = Cl, I]. [4]

shows the potential energy curves as a function of α(ZCH) for the F− + CH3Cl and

F− + CH3I systems. According to many animated double-inversion trajectories for

F− + CH3Cl (snapshots of a typical trajectory are depicted in Fig. 7.4) after the

proton abstraction the FH and CH2Cl− groups rotate into a double-inversion saddle

point like configuration, corresponding to α(ZCH) > 100◦ in Fig. 7.9. As α(ZCH)
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decreases below 90◦ the configuration around the carbon center is getting inverted,

while the FH bond breaks and a new CH bond forms. The potential energy decreases

steeply along the inversion path and only a small barrier has to be surmounted. We

can conclude that the inversion can occur for halogen exchange reactions, however

there are substantial differences in the induced inversion saddle-point energies rela-

tive to that of the reactants. For example, the F− + CH3I system has to surmount

a barrier of 8 kcal mol−1, whereas in case of the Cl− + CH3I system the barrier is

as high as 46 kcal mol−1. [4] In addition, we performed standard IRC computations

as implemented in Molpro for various systems, which resulted in similar reaction

paths. However, accurate reaction dynamics simulations should be performed to

verify these reaction pathways.

All in all, the first step of the double-inversion pathway − the proton-

abstraction-induced inversion via a saddle point like structure − seems to be a

general mechanism. Since the first step of the double inversion is the inversion of

the reactant molecule, finding inverted reactants experimentally by isotopic substi-

tution of the H atoms in the reactant could be a signature for the double-inversion

mechanism. Additional support for the reality of the double-inversion mechanism

could be the comparison of our findings with future quantum dynamical results.
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Chapter 8

Comparison with experimental

results on the F− + CH3Cl

reaction

The results presented in this chapter were obtained as parallel theoretical and ex-

perimental investigations in collaboration with the experimental research group of

Roland Wester at the University of Innsbruck, Austria.

Ion-molecule reactions have been studied with a variety of experimental

techniques, ranging from discharge experiments and flow or drift tube measurements

to guided-ion beam and ion trap methods. [187, 188, 189] Due to the recent advances

in crossed beam experimental methods it became possible to detect individual reac-

tion products with an increased signal rate and high velocity and angular resolution.

Wester and co-workers succesfully applied the combined crossed beam and velocity

imaging [190] technique both to cation- and anion-molecule reactions [48, 162, 191]

measuring directly the velocity vector of the product ion. A series of nucleophilic

substitution reactions were investigated to obtain detailed information about the

underlying dynamics. For example, in reactions of F−, Cl− and OH− with CH3I the

role of the nucleophile was demonstrated to be crucial by influencing the reaction

pathways. [48, 50, 162]

In our recent study [1] we have explored the influence of the leaving group

in bimolecular nucleophilic substitution dynamics by investigating the

F− + CH3Cl→ CH3F + Cl− (8.1)

112



8.1 Crossed-beam ion-imaging technique

reaction in a combined approach of crossed-beam imaging and dynamics simulations

and we compared it to previous results obtained for the

F− + CH3I→ CH3F + I− (8.2)

reaction. [162] As shown in Fig. 8.1, the potential profile of Reaction 8.1 is very

similar to that of Reaction 8.2. The F− + CH3I is also highly exothermic and

characterized by a double-well potential energy landscape with a Cs-symmetric hy-

drogen bonded complex together with a traditional close-lying ion-dipole complex

of C3v symmetry in the entrance channel. Since the branching into direct and

indirect reaction mechanism is expected to be influenced mainly by the entrance

channel, the dynamics of these two reactions are also expected to be comparable.

However, the results for these two reactions show substantial differences, indicat-

ing the impact of the leaving group on the dynamics even in the entrance channel.

Our combined experimental-theoretical study employs ion imaging of crossed-beam

reactive scattering and chemical dynamics simulations, addressed in the following

sections.

8.1 Crossed-beam ion-imaging technique

The crossed beam imaging setup, the data acquisition system, and the subsequent

data reduction and analysis are described in detail in Refs. [162], [192] and [48].

In the following the main components of the experimental method are described

briefly. [1, 50]

The scattering experiments were performed with ion and neutral reactant

beams, provided by two differentially pumped source chambers. In the F− ion source

the 10% NF3 precursor gas in Ar carrier gas was seeded and ionised by pulsed plasma

discharge. F− ions are created by dissociative attachment of secondary electrons and

subsequent collisions in the supersonic jet. Then, the ion packet is extracted, mass

selected by time-of-flight and decelerated to the desired kinetic energy and trapped

in a radiofrequency octupole ion trap. The second supersonic target beam of CH3Cl,

seeded at ∼5% He, was produced in a differentially pumped neutral beam chamber.

The target molecular beams crossed each other at 60◦ relative angle inside a ve-

locity map imaging spectrometer. In order to keep the fraction of clustered CH3Cl
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Figure 8.1: Computed minimum energy path of the F− + CH3Cl and F−

+ CH3I SN2 reactions - The stationary point energies are shown for F− + CH3Cl

(upper diagram) obtained using the FPA method and for F− + CH3I (lower diagram)

calculated at the MP2/aug-cc-pVTZ(-PP) level of theory. [1]

reactants negligible, the translational temperature of the beam was set to ∼180 K.

The relative collision energy is tuned by changing the potential of the ion source

with an electrostatic decelerator relative to the field-free interaction region, which

adjusts the mean velocity of the F− reactant beam. Cl− product ions emerge from

reactive collisions, which are mapped onto a position and time sensitive detector,

which records their three-dimensional velocity vectors in the scattering plane. Note

that neutral product does not need to be detected because its properties can be

inferred from conservation of energy and momentum. With the use of time-slice
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imaging [193, 194] implemented by activating the detector only during a short time

window, one can image only that scattering events for which the velocity vectors of

the products lie within the plane defined by the reactant velocities.

From the three-dimensional velocity distributions, and two-dimensional

slice images energy and angular distributions were obtained by numerical integra-

tion. Since the reactants relative kinetic energy and momentum are known, one can

determine the energy transfer during the reaction, which yields the fraction of total

available energy deposited in the internal modes of the polyatomic product. Internal

excitation of the CH3Cl reactant can be neglected on the relevant energy scale of

the experiment.

8.2 Computational details

In order to compare with the experimental results we performed quasi-classical tra-

jectory computations for the ground-state reaction F− + CH3Cl using our global

ab initio full-dimensional potential energy surface. [5] The vibrational ground state

was prepared by standard normal sampling and the rotational angular momentum

was set to zero. The initial distance between F− and the center of mass of randomly

oriented CH3Cl was (x2 + b2)1/2, where b is the impact parameter, scanned from

0 to bmax with a step size of 0.5 bohr, and x was set to 20 bohr. Roughly half a

million trajectories were run for collision energies 13.1, 20.7, 27.7, 34.6 and 46.0 kcal

mol−1 with bmax values of 9.0, 8.0, 7.0, 7.0 and 7.0 bohr. The integration time step

was 0.0726 fs (3 atomic time unit), and each trajectory was propagated until the

maximum of the actual inter-atomic distance was 1 bohr larger than the initial one.

Virtually no trajectory violated the zero-point energy; thus, the product analysis

considered all the reactive trajectories. The QCT computations for the mass-scaled

F− + CH3Cl’(v = 0) reaction were performed by setting the mass of Cl’ to 127 amu

and using the analytical PES of F− + CH3Cl. In this case larger bmax values of 12.0,

9.5, 8.0, 8.0 and 8.0 bohr were used at the above mentioned collision energies.

The 2D interaction potentials between the F− nucleophile and the CH3Cl

and CH3I molecules, respectively, as well as the energies of the F− · · ·ClCH3 and

F− · · · ICH3 complexes relative to that of reactants were calculated at the CCSD(T)-

F12b/aug-cc-pVDZ(-PP) level of electronic structure theory.
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8.3 Angular and internal energy distributions

The measured longitudinal and transverse velocity distributions of Cl− product ions,

mapped onto a two-dimensional image in the centre-of-mass frame for different col-

lision energies are shown is Fig. 8.2. In this embedding the reactant velocity

vectors align horizontally as shown by the black arrows. The outermost rings in the

images define the kinematical cutoff for each collision energy, indicating the highest

possible product velocity. Furthermore, the concentric rings represent isospheres in

translational energy spaced at 11.5 kcal mol−1, which correspond to different degrees

of internal excitation of the CH3F product.

Two distinct features appear on the images in Fig. 8.2, an isotropic distri-

bution at nearly zero velocity and one at higher velocities in the backward direction.

As seen, these features show substantial collision energy dependence. At the highest

collision energy, the products are mainly backward scattered, whereas at the lowest

collision energy isotropic scattering in conjunction with slow product velocities is

observed. This transition in features resembles the shift with increasing collision

energy from an indirect complex-mediated mechanism where the available energy

is deposited into the rovibrational excitation of the CH3F product to a fast direct

mechanism when the outgoing Cl− leaves in the same direction as the incoming F−.

This change in dominating mechanism can be followed by looking at the

velocity-integrated angular distributions in Fig. 8.2. At low collision energy the

angular distribution peaks in both forward and backward directions, then evolves

towards an anisotropic distribution with increasing Ecoll, which peaks in backward

direction, corresponding to the direct rebound mechanism. Note that the direct

stripping mechanism would result in mainly forward scattered products. Since the

velocity distributions vanish within the kinematical cutoff, even at the highest colli-

sion energy, we can expect that some of the available energy is deposited as internal

energy of CH3F. Indeed, the internal energy distributions in Fig. 8.2, obtained from

the images show a decreasing level of internal excitation with increasing Ecoll, indi-

cating the dominance of the direct rebound mechanism as Ecoll increases.

For the F− + CH3I reaction the same type of results are depicted in Fig.

8.3 at the representative collision energy of 35.3 kcal mol−1. Comparing the data

for reaction 8.1 and 8.2 we can observe substantial differences. Although the scat-

116



8.3 Angular and internal energy distributions

Figure 8.2: Experimental differential scattering cross-sections and ex-

tracted angular and internal energy distributions compared to the cor-

responding computed distributions for the F− + CH3Cl SN2 reaction -

Velocity distribution of the Cl− product ions in the center-of-mass frame is shown at

different collision energies in upper panels. Angular distribution of the Cl− ions and

internal distributions of the CH3F product are shown in middle and bottom panels,

respectively; the experimental and simulated distributions are black and red color

coded, respectively. The white dashed lines delimit the area used to determine the

direct rebound fraction in both experiment and simulation. [1]
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Figure 8.3: Experimental differential scattering cross-sections and ex-

tracted angular and internal energy distributions for the F− + CH3I SN2

reaction - Velocity distribution of the I− product ions in the center-of-mass frame is

shown at collision energy of 35.3 kcal mol−1 in left panel. Angular distribution of the

I− ions and internal distributions of the CH3F product are shown in middle and right

panels, respectively. [1, 162]

tering image of the later shows scattering in the backward direction the contribution

of slow products is much larger. On the other hand, the angular distributions show

a larger isotropic distribution and the internal energy indicates more highly excited

products. Furthermore, in case of the F− + CH3I reaction the shape of the scatter-

ing images changed moderately with increasing collision energy. [162]

These findings compare well with the results of chemical dynamics sim-

ulations. As seen in Fig. 8.2, the computed scattering angle and internal energy

distributions are in line with the experiment in the collision energy range investi-

gated. This overall agreement between measurement and simulation is unprecedent

for ion-molecule reactions.

8.4 Comparison of fractional yields

The direct rebound fraction is plotted in Fig. 8.4 as a function of collision energy.

The experimental yields were derived by integrating over the areas indicated by the

white dashed lines in the images of Fig. 8.2, normalized to the total counts in each

image. The theoretical values were obtained from the fraction of fast rebound tra-
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8.4 Comparison of fractional yields

Figure 8.4: Experimental and simulated direct rebound fractions for the

F− + CH3Cl SN2 reaction in comparison to the F− + CH3I and OH− +

CH3I SN2 reactions - The experimental normalized yield of the direct rebound

fraction for F− + CH3Cl is obtained from the white dashed area in the images in Fig.

8.2 and displayed as a function of collision energy. The experimental data for the

F− + CH3I reaction was obtained by integration from Ref. [162]. Simulation results

for F− + CH3I shown as filled and open blue squares were taken from Refs. [195]

and [162], respectively. The experimental and simulation data for OH− + CH3I are

from Refs. [50] and [196]. The inner contour diagram shows the computed correlation

of the product relative velocity and the trajectory integration time on a logarithmic

scale. [1]
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jectories, defined with product velocities higher than 1500 m s−1 and which lead to

backscattered products in the scattering angle range delimited by the white dashed

lines shown in Fig. 8.2. It was found that the relative velocity of the products

correlates with the trajectory integration time as displayed on the inner panel in

Fig. 8.4; therefore the final realtive velocities which exceed 1500 m s−1 correspond

to short reactive trajectories with less than 0.58 ps integration time; that is, those

which form products via the fast direct rebound mechanism. In contrast, the slow

Cl− ions emerge from indirect reaction pathways, characterized by reaction times of

a few or a few tens of picoseconds. Note that for the direct rebound fraction very

similar fractions were obtained using either the integration time or the product rela-

tive velocity as selection criteria. Despite the discrepancy at lower collision energies,

the measured and simulated direct rebound fractions are in good agreement.

Considering previous experimental [78] and theoretical direct dynamics

[74] studies the large fraction of direct rebound mechanism is essentially validated.

Moreover, the large scattering cross sections obtained in guided ion beam study of

Angel and Ervin [72] can be interpreted based on our results.

In case of the F− + CH3I reaction the picture is qualitatively different, be-

cause substantial contribution of the indirect mechanism to the total reactive cross

section was found up to high collision energies. Previous direct dynamics simula-

tions performed at the MP2/aug-cc-pVDZ/ECP/d [162] and DFT/B97-1/ECP/d

[195] levels of electronic structure theory also reported smaller rebound fraction for

the F− + CH3I reaction. Similarly, the isoelectronic system OH− + CH3I, which

is also characterized by a hydrogen-bonded reaction complex, has reduced direct

rebound fractions. [50, 196] In strong contrast to the previous two systems, the Cl−

+ CH3I reaction was found to be quite similar to the the present F− + CH3Cl reac-

tion. [48] The minimum energy path of this reaction follows a collinear geometry, [55]

suggesting the importance of collinear entrance channel over the hydrogen-bonded

pre-reaction complex.

In order to get deeper insight into the differences observed for the Cl− and

I− leaving groups, we checked the vibrational coupling [197] between the entrance

and the exit channels. For this purpose, we simulated the dynamics for Cl’ chlorine

atom of mass 127 amu (corresponding to iodine) on the F− + CH3Cl analytical

potential. As shown in Fig. 8.4, the mass scaling has minor effects on the direct
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8.4 Comparison of fractional yields

rebound fraction at high collision energies; however, at the lowest collision energy

the fraction for Cl’ is reduced to half of its value for Cl. This suggests that the

observed differences are due to the differences in the PESs.

Next consider the mechanism specific reaction probabilities as a function

of the impact parameter b, shown in Fig. 8.5 at representative collision energies.

The total reaction probability, as well as the individual contributions of direct re-

bound, indirect and direct stripping mechanisms are shown for the F− + CH3Cl and

F− + CH3I systems. For both systems the indirect mechanism extends to the same

Figure 8.5: Mechanism specific opacity functions - Reaction probability of

direct rebound, indirect and direct stripping mechanisms is shown for F− + CH3Cl,

F− + CH3Cl’ (mCl′ = 127 amu), and F− + CH3I as a function of impact parameter.

[1]
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impact parameters, whereas the direct rebound mechanism has higher bmax values

for F− + CH3Cl than for F− + CH3I. The stripping mechanism is specific at higher

impact parameters [7] and becomes a dominant reaction mechanism for F− + CH3I

at large impact parameters, but plays a minor role in F− + CH3Cl at the collision

energies investigated. Furthermore, the range of impact parameters for which direct

rebound or stripping happens is strongly Ecoll dependent. The opacity functions

obtained for F− + CH3Cl’ are qualitatively similar to those of F− + CH3Cl; thus,

the different opacity functions of CH3Cl and CH3I reactions cannot be explained by

the different mass of the leaving group.

Additional computations were performed to compare the interaction po-

tentials between the F− nucleophile and CH3Cl and CH3I at different orientations.

As shown in Fig. 8.6, the difference in shape of the interaction potential for F−

+ CH3Cl and F− + CH3I is substantial at both reactant orientations. Since the

F− · · · ICH3 complex is bound by 22.5 kcal mol−1, whereas the F− · · ·ClCH3 com-

plex is bound by only 3.2 kcal mol−1 the front-side attachment of F− to I is more

pronounced than to Cl. This presumably accounts for the enhanced stripping mech-

anism in case of F− + CH3I, and also for the reduced probability of backside attack

at large impact parameters. Su and co-workers reported similar correlation of reac-

tant orientation with reactivity in the reaction of F− with methyl halides. [52, 74]

Interestingly, the correlation was the most pronounced in case of CH3Cl. The im-

proved agreement between our chemical dynamics simulation and experiment can be

presumably attributed to the accuracy of the analytical PES and the sophisticated

experimental techniques applied to shed light on the role of both nucleophile and

leaving group for the underlying reaction dynamics in SN2 reactions.
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8.4 Comparison of fractional yields

Figure 8.6: 2D interaction potentials in the entrance channel - Two-

dimensional potential energy scans are shown for the F− + CH3Cl and F− + CH3I

reactions at the βFCYH1 torsional angles of 0◦ and 60◦ as indicated on the diagram.

The energies were computed at the CCSD(T)-F12b/aug-cc-pVDZ(-PP) level of theory

and are relative to F− + CH3Y(eq).
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Chapter 9

Summary and conclusions

Bimolecular nucleophilic substitution reactions have been the focus of extensive the-

oretical and experimental work over the past decades due to their central importance

in preparative organic chemistry. Moreover, these systems served as prototypes for

development of novel theoretical methods. Nevertheless, fewer studies have ad-

dressed their detailed atomistic dynamics in gas-phase, because the development of

chemically accurate potential energy surfaces has been a challenge.

We constructed global analytical potential energy surfaces of full dimen-

sionality for the F− + CH3F and F− + CH3Cl reactions by fitting several thousands

of energy points, efficiently obtained using accurate composite ab initio methods.

Both PESs are chemically accurate (RMS < 1 kcal mol−1) up to 100 kcal mol−1

above the global minimum, which covers the chemically relevant energy range. Fur-

thermore, the PESs are intrinsically invariant with respect to permutation of like

nuclei, which is essential for realistic description of the dynamics. The relative en-

ergies, structures and harmonic vibrational frequencies of the stationary points, as

well as the longe-range interaction potentials compare well with the corresponding

ab initio values.

With the analytical PESs at hand, quasiclassical trajectory calculations

were performed to get insight into the underlying dynamics of the prototypical F−

+ CH3Y [Y = F, Cl] reactions in gas phase. Our studies point out the complexity

of these reactive systems. Depending on the relative velocity, initial orientation and

(ro)vibrational excitation of the reactants several mechanisms may appear on the

scene simultaneously. At low collision energies the slow indirect mechanism domi-
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nates due to the long-lived hydrogen-bonded and traditional ion-dipole complexes,

whereas at high collision energies the substitution occurs via a fast direct rebound

mechanism. At large impact parameters the direct stripping mechanism plays role.

At low collision energies the reactants are subjected to the strong steering effect

of the long-range ion-dipole interactions; however, the rotational excitation of the

polyatomic reactant efficiently counteracts these ion-dipole interactions. As soon as

the energy is sufficient the proton-abstraction channel opens in line with measured

treshold energies.

Besides the known front-side attack configuration-retaining mechanism,

trajectory animations of the F− + CH3Cl reaction revealed a novel proton-abstraction

induced retention pathway, called double-inversion which opens at substantially

lower collision energy than the fron-side attack. Investigation of the double-inversion

saddle points and induced inversion minimum energy paths for the X− + CH3Y [X,

Y = F, Cl, Br, I] type halogen exchange reactions suggest that the induced-inversion

(the first step of double inversion) may be a general mechanism. Another interesting

mechanistic feature is the barrier recrossing in case of the F− + CH3F SN2 reaction.

The recrossing trajectories decrease the reactivity by about 20% at low collision

energies, which questions the applicability of traditional statistical theories.

Our simulations employing the PES for F− + CH3Cl in combination with

crossed-beam imaging experiments uncovered the role of leaving group in SN2 reac-

tions, which is attributed to the different potential energy landscapes. The excellent

agreement between theory and experiment demonstrated in our study attests to the

ability of such calculations to provide reliable guidelines for experiment. Moreover,

simulations offer predictions for many properties that cannot be measured exper-

imentally, specifically trajectory integration time and mechanism specific opacity

functions. Continued development of our QCT code toward the computation of

temperature dependent rate constants will present a new array of results compara-

ble with experiment.

Our PESs open the door for future investigations of the effects of iso-

tope substitution, as well as for quantum dynamical computations. The later are

highly desired to overcome the well-understood limitations of the classical simulation

methods. However, the wave-packet studies for SN2 reactions set high demands with

respect to computational resources; thus, only reduced dimensional computations
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9. SUMMARY AND CONCLUSIONS

are feasible.

By studying SN2 reactions in gas phase, free from solvent and cage effects

we were able to reveal many subtle details of the intrinsic dynamics. However, in

order to expose the role of interactions with solvent we intend to investigate the SN2

reactions in solution. In solution the reactant and product ions are strongly solvated,

whereas in the intermediate complexes this stabilization is weaker. Consequently,

the potential energy landscape changes, the wells may completely disappear and the

barrier heights are considerably increased. The manner in which the atomic-level

dynamics changes as the environment changes from gas-phase into the liquid phase

can be elucidated by adding solvent molecules one by one explicitly (microsolvation)

or by using implicit solvation models.

The progress made in understanding the atomic-level mechanisms of nu-

cleophilic substitution reactions will certainly stimulate further theoretical and ex-

perimental studies, which may reveal novel results that will bring more insight into

the dynamics of elementary chemical reactions.
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Abstract

I tested the performance of various standard electron-correlation, explicitly correlated,

and composite ab initio methods with different correlation consistent basis sets for high-

dimensional analytical potential energy surface developments. I developed full-dimensional

analytical potential energy surfaces for the F− + CH3F and F− + CH3Cl reactions, which

describe the traditional back-side attack Walden inversion, the front-side attack reten-

tion pathway, as well as the proton-transfer channels. The relative energies, structures,

harmonic vibrational frequencies of the stationary points and the long-range ion-dipole

interaction potentials all remarkably reproduce the corresponding benchmark ab initio

values.

With potential energy surfaces at hand I have performed quasiclassical trajec-

tory computations in order to get deep insight into the dynamics of the F− + CH3Y [Y

= F, Cl] reactions. For the F− + CH3Cl SN2 reaction the integral cross sections sub-

stantially decrease with increasing collision energy, whereas in case of the F− + CH3F

SN2 reaction the excitation function is almost constant at higher collision energies. On

the one hand, at low collision energy the slow indirect mechanism dominates, where com-

plex formation in the pre- and post-reaction channels plays a major role. On the other

hand, at higher collision energies the reaction follows mainly a fast direct rebound mech-

anism, whereas at large impact parameters the reactive events occur via direct stripping.

The CH stretching excitation has slight effect on the SN2 reactivity, but substantially en-

hances the proton-abstraction and lowers its treshold energy. Furthermore, the rotational

”mode-specific” excitation of the polyatomic reactant decreases the reactivity in the F−

+ CH3Y(v = 0, JK) [Y = F, Cl] SN2 reactions.

Trajectory animations of the F− + CH3Cl SN2 reaction revealed a novel reten-

tion mechanism, called double inversion. The first step of double inversion is a proton-

abstraction induced inversion via a FH· · ·CH2Cl− transition state, followed by the tradi-

tional Walden inversion. In contrast to the front-side attack pathway, which is a fast direct

process, the double-inversion is slow and indirect. Moreover, the double inversion opens

well below the barrier height of the front-side attack. We identified the double-inversion

saddle point for all the X− + CH3Y [X, Y = F, Cl, Br, I] type halogen exchange reac-

tions. The energy levels of the abstraction asymptotes are always above the corresponding

double-inversion barrier heights and in case of F− nucleophile the double-inversion saddle

points are below the front-side attack ones.

Finally, the computed and measured angular and internal energy distributions,

as well as the direct rebound fractions for the F− + CH3Cl SN2 reaction show unprecedent

agreement. Comparison of the F− + CH3Cl and F− + CH3I SN2 reactions shed light on

the influence of leaving group on SN2 reactions, which is attributed to the difference in

potential energy landscapes.



Összefoglaló

Globális potenciális energia felületek (potential energy surface - PES) fejlesztéséhez külön-

böző standard korrelációs és explicit korrelált módszer, valamint számos kompozit ab ini-

tio elektronszerkezet számı́tó módszer és báziskészlet hatékonyságát vizsgáltam. A F− +

CH3F és F− + CH3Cl rendszerekre fejlesztettem teljes dimenziós analitikus potenciális

energia felületeket, amelyek léırják a közismert SN2 reakcióút mellett a retenciós mecha-

nizmusokat és a proton absztrakciós reakció csatornát is. A stacionárius pontok PES-en

optimált és az fókusz-pont anaĺızis módszerrel kapott relat́ıv energiái nagyon jó egyezést

mutatnak. Továbbá a stacionárius pontokban számolt szerkezeti paraméterek és rezgési

harmonikus frekvenciák is rendḱıvül jól reprodukálják az ab initio értékeket.

A PES-eken végzett dinamikai szimulációk minden eddiginél részletesebb bete-

kintést nyújtanak a F− + CH3Y [Y = F, Cl] reakciók dinamikájába. Az F− + CH3Cl

SN2 reakció hatáskeresztmetszete jelentősen csökken az ütközési energia növelésével, mı́g

a F− + CH3F reakció esetén a hatáskeresztmetszet közel konstans értéket mutat nagy

ütközési energiáknál. Alacsony ütközési energiánál a lassú komplexképződéssel járó indi-

rekt mechanizmus, nagyobb ütközési energiánál pedig a gyors direkt rebound mechanizmus

dominál, mı́g a direkt stripping mechanizmus nagy ütközési paraméter értékeknél játszik

szerepet. A CH nyújtás gerjesztése alig van hatással a szubsztitúciós reakcióra, viszont a

proton-absztrakció valósźınűségét jelentősen növeli mindkét rendszer esetében. A poliato-

mos reaktáns ”mód-specifikus” forgási gerjesztése csökkenti a F− + CH3Y(v = 0, JK) [Y

= F, Cl] SN2 reakciók valósźınűségét.

A F− + CH3Cl reakcióra végzett szimulációk során felfedezett eddig ismeretlen

retenciós út a ”dupla-inverziós mechanizmus” nevet kapta. A dupla inverzió első lépése egy

proton-absztrakció által indukált inverzió egy FH· · ·CH2Cl− nyeregponton keresztül, amit

a hagyományos Walden inverzió követ. Ellentétben a korábban ismert elölről támadásos

retenciós mechanizmussal, ami egy gyors folyamat, a dupla-inverzió lassú és indirekt. A sz-

imulációk ráviláǵıtottak, hogy a dupla inverzió jóval az elölről támadás gátmagassága alatt

bekövetkezhet. A dupla inverziós XH· · ·CH2Y− átmeneti állapotot sikerült az összes X−

+ CH3Y [X, Y = F, Cl, Br, I] halogén kicserélődéses reakcióra beazonośıtanunk. Minden

X és Y esetén a dupla-inverziós nyeregpont az absztrakciós aszimptota alatt helyezkedik el,

továbbá X = F esetén a dupla inverzió gátmagassága mindig alacsonyabb mint az elölről

támadásé.

A F− + CH3Cl reakció termékeinek számı́tott szórási szög és belső energia

eloszlása valamint a direkt mechanzimus részaránya is rendḱıvüli egyezést mutat a ḱısérleti

eredményekkel. A F− + CH3Cl és F− + CH3I SN2 reakciók összehasonĺıtása ráviláǵıtott

a távozó csoport hatásának jelentőségére, ami elsősorban a potenciális energia felületek

különbözőségének tudható be.
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