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Abstract

This PhD thesis has been focused on the theoretical and computational modeling of gas phase

chemical reactions and specifically on the accurate estimation of readionoefficients. The

ability to determine accurately the rate coefficients of key elementary reactions has become in fact
gradually more important over the past years. In this field, transition state theory (TST) coupled
with ab initio electronic structurenethods has been a powerful tool to calculate the rate coefficient

of gas phase elementary reactions due to the simplicity and efficiency by which it is characterized.
However, TST is characterized by several limitations and this reduces the accuraelyadildy

of its predictions. Moreover, also the precision of the electronic structure calculations pley a rel
vant role on the accuracy of the predicted rate coefficlaking into account these factors, TST
calculations proved to give rate coeffidgthat in general have an uncertainty factor of 3.

In this scenario, the goal of the present work has been to address the major limitations of trans
tion state theory and to develop and implement ad hoc methodologies in order to overcome these
issues, wit the intent of reducing the uncertainty from a factor of 3 down to less than a factor of 2.
Specifically, we concentrated on the solutions of the following topics: spin forbidden reactions,
hindered rotors, mukivell and multichannel potential energyfaces, tunneling corrections and a
microcanonical description of bimolecular reactions.

The methods adoptddr each one of these issues hde=n validated against literature data
and tested on chemical reactions of interest. The rate coefficientpréuisted were compared
when possible with experimental rat€therwise they were introduced in detailed kinetic schemes
in orderto reproduce experimental concentratigmofiles of the species of interest evolvirig
complex systemssuch as toluene ayclopentadiene pyrolysis. The resuwtsained allowed us to

improve our understanding on the kinetic aspects of a number of reactions of scientific interest.
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1 Introduction

Gas phase reactions play a major role in many reacting systems. Areamgctimbustion jor

cesses, atmospheric chemistry and polymerization technologies are just a few examples. From a
chemical engineering point of view, it can be of fundamental importance to know the consumption
or production rate of key species in the reagsgstem under study. This information can be used

to design new chemical reactors, engines or burners in order to obtain the best performances at the
minimum cost. In addition, they can help reduce the production of dangerous or undesired bypro
ucts. Forexample, for what concerns combustion processes, many studies are centered nowadays
on the formation and growth of polycyclic aromatic hydrocarbons, as they are the source of the
formation of soot that has been proved to cause a long series of diseaseslition, the
knowledge of the kinetic aspects of a chemical process can be helpful during its optimization,
which gives engineers the opportunity to find the operative conditions that grant better yields or
degree of purity in the desired products.

It is important to remark that the information on the chemical kinetics of the reactions needed by
the process engineers consists in global rates of production or consumption, yet the collection of
these data depends in the end on the rate coefficients elethentary reactions that actually take
place within the reacting system under investigation.

In this scenario, the ability to determine accurately the rate coefficients of elementarydey rea
tions has become progressively more important. A very powadllthat has assisted the stie
tists in the past decades in calculating the rate coefficient of gas phase elementary reactions is tra
sition state theory (TST). This theory has been deemed successful for the simplicity and efficiency
by which is charactezed. Unlike other theoretical approaches that were-tiomsuming and déd
cated only to very small systems, this theory could be applied also to systems with more than three
or four atoms and it has been widely adopted since quantum chemistry softwagegatave d
come more accessible. Such packages offer, in fact, the possibility to calculate with relative ease
those parameters necessary to apply the theory, such as the equilibrium geometrical structures and
the corresponding energies of the molecufaaterest.

Nevertheless, the theoretical estimation of a rate coefficient is not univocally and straightfo
wardly resolved for all kind of gas phase reactions. In particular, its accuracy depends om-two fu
damental factors: the accuracy of the electratiacture calculations and the level of the kinetic
theory that depends on the assumptions made.

The level of accuracy of the electronic structures calculation can be decisive in determining the

precision of the final rate coefficient. The level of impment of suclab initio methods, both in
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the methodology and computer technology, has been dramatic over the last years and this allows
for the computation of energies and structural properties with increasing speed and accuracy. Even
S0, it is importantd choose the appropriate method for each reaction investigated between the se
eral available.

From the point of view of kinetic theory, classical TST provides reasonably accurate rate coeff
cients. Unfortunately, we can find a number of additional conpdies for which conventional
transition state theory proves to be insufficient. Thus, during recent years much work hasibeen de
icated to its improvement and generalization leading to the formulation of several theories which
hold in common all or a parf the assumptions that lay under the transition state theory.

In this framework, the purpose of the present work, that is the accurate prediction of tlee rate c
efficient of elementary gas phase reactions, has been approached with the following strategy: (1
the identification of those situations that go beyond the TST assumptions; (2) the search-in the li
erature of new methods and theories that have been proposed to overcome these issuas; (3) the i
plementation of such methods and theories that permititd &n efficient protocol in calculating
an accurate rate coefficient; (4) the validation of the predicted rate coefficient for a number of test
cases against the available experimental data.

The dissertation will thus be organized as follow. First, efl@kposition of the state of the art
of electronic structure methods and kinetic theories will be reported with the intention to illustrate
the scenario in which the present research project has been developed. This will be followed by
Chapter 3 that wilfocus on the methods and theories adopted specifically in this work thesis and
will provide the details of their implementation. Successively a series of reaction case studies will
be presented. In particular the results obtained will be reported for:

o0 Chapter 4:Germane and Germylene decomposition kinetics

o Chapter 5Toluene decompositiosecondary chemistry

o Chapter 6: New reaction pathways active in cyclopentadiene pyrolysis
o Chapter 7: Quantum tunneling in hydrogen transfer reactions

o Chapter 8: Singlet gthylene addition to unsaturated hydrocarbons

For each of these case studies a new feature will be analyzed and implemented, thus offering the
possibility to validate and discuss the properness and accuracy of the methodologies adopted.

Finally, a concludig chapter will review the significant goals achieved within this reseaoch pr

ject and provide some perspectives on future improvements of the methods developed here.



2 TheoreticalGas Phase
Chemical Kinetics
The State of the Art

The cental theme of this thesis focuses on the theoretical estimation of gas phase reaction rate
coefficients. In this chapter will follow a thorough deption of the state of the art ftine current
methods and theories that have been developed in the padeddo evaluate accurate rate deeff
cients and which are the issues that are up to date still challddigitig scientists.

2.1. Quantum Mechanics in Theoretical Kinetics

Accurate rate coefficient estimations cannot be obtained without a proper knowidtiggam
tential energy surface on which the reaction takes place. Hence, we must have a good dnderstan
ing of the quantum mechanical methods commonly adopted to obtain the needed information. The
aim of the following section is to enclose this vast subjéittin the boundaries of kinetic appdic
tions with some insight on when a particular method is expected to be reliable and when it can fail.
The application of the kinetic theories foresees the knowledge of the properties of the molecules
(reactants, pmbucts and transition states) involved in the reaction under investigation. In particular,
fundamental information are:
0 The geometrical arrangement of the nuclei that corresponds to a stable configuration of the
molecule.
0 The vibrational frequencies correspling to the stable configuration.
0 The relative energies between different stable configurations (e.g. reaction energy).
Theoretical chemistry offers the possibility to calculate these propealiastio through the d
rect solution of the electronic Sdidinger equation. This equation gives as a rdabeltelectronic
energy of the molecule for a particular configuration of the nuclei (single point en€ogylete-
mine the properties of interest, however, it is necessary to have information also abensrdy
gradient and hessian.
The energy gradient, for example, indicates the strength and the direction by which tha-electro
ic energy acts on the nuclei. This information is essential to finding a stable configurationlef a mo
ecule, because startingpfn a guess structure it will lead the nuclei towards their equilibriuiir pos

tion. Furthermore, to carry out a vibrational analysis and get the vibrational frequencies of-the mo
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ecule it is necessary to know the hessian, which is the second derivative ohatexelectronic
energy.

These and other features are nowadays commonly implemented in several software packages,
such as Gaussiaf) Molpro**, and Games$. These program suites offer the possibility to choose
among many methods developed over the years to solve the Schrégingéon. Thus, it ism-
portant to know which one of those available is the most effective in the treatment of the problem
at hand and what is the range of uncertainty that can be expected.

A brief overview and a first classificatiaf the quantum mechagdl methods availabl®llows
in the next paragraph. The aim is to illustrate the scenario in which the present thesis has been d

veloped and help understand the reasons behind the choices made throughout the work.

Schrédinger Equation

The electronic eneygof a molecule can be obtained solving the time independenbdiater
equation for the electrons here expressed in a simplified notion as:

J||. MTgm 1 m ™H TAH"H (1)
where Eis the electron energ¥, is the electron kinetic energy,.kis the nucleielectron intere-
tion potential, He is the electrorelectron interaction potential ardgl, is the electron wave fan
tion. In this formula the contribution given by the electabectron interaction engy is the most
difficult to determine.

Electronic Correlation Energy

The Hartred~ock (HF) method is the basic method for solving the &thger equation. He-
ever, it generates solutions where the elee#lentron interaction is replaced by an average-i
action and, as such, these solutions are able to cover up to 99% of the total energy (u®ng an ad
quately large basis set). Unfortunately, though, the last 1% is significant for a correct description of
molecular chemical properties. The differencenaein the energy obtained through a HF calcul
tion and the energy obtained including explicitly the elecal@etron interaction is called eleatro
ic correlation (EC) energy.

Over the years, many methods have been developed in order to calculate tbe eteottation
energy, usually called Post Hartieeck methods. Among them, it is important to distinguish b
tween two classes as they can deal with different chemical phenomena: (1) single referknce met
ods and (2) mulireference methods.

The developmeanof multi-reference methods comes from the necessity to overcome an issue
that arises in the treatment of bond dissociati
detailed description of the phenocduetontomCor-ef er t o

put at i on al. He@hseffice istb say that this problem may seyedéstort the shape of
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the potential energy. Muttieference methods, however, which include also the excitation asntrib
tion to the computation of the wave function,
possibility of have molecular orbitakhat correspond to different electronic configurations.hMet
ods such as CASPY%, with an adequate basis set, have been proved accurate enough in the
treatmat of radicalradical recombinatiod$®. Unfortunately, these methods are less straightfo
ward in their application and it is necessary to know whicitadsomay be affected by a change of
energy as the reaction takes place.

When the wave function does not show multireference effects, single reference methods can be
applied with confidence. In particular, among the several available, CCSIDEE) proven to be
the most reliable, with energy deviation-df kcal/mol if large enagh basis set is employed.

The major problem of the Post Harti#€eck methods is the high computational effort required
for the treatment of molecular systems with more than 10 heavy atoms. For these systents, it is ne

essary to move to another class of rodththat will be the subject of the next paragraph.

Density Functional Theoryi DFT methods

The basis for density functional theory is the Hohenberg and Kohn théwstating that the
electronic energy is determined completely by the electron density. This approach introdgees a si
nificant simplification in the treatment of a mahgdy problem, because the number of the degrees
of freedom is reduced from 3N (with N the number of electrons) to 3. This is because elattron de
sity is a scalar function only of the space coordinates. Therefore, if the complexity of a wave fun
tion increases ith the number of electrons, the electron density has the same number of variables,
independently of the system size. The only problem associated with the theory is that it is not
known what functional creates a etteone correspondence between electremsity and end ete
tron energy. Thus, the purpose of DFT methods is to design functionals able to approxireately cr
ate this connection.

Among the most utilized density functional is the B3L¥#®functional. This method has been
extensively adopted to produce geometries and vibrational frequencies of molecular structures. In
particular, in ombustion science it has been very useful in surveying complex potential energy su
faces. However, one problem with DFT methods is the neglect of dispersion interactions. This
makes DFT results much less accuraté kcal/mol), especially in the case ofda polyatomic
systems. In order to rectify this problem, new DFT functionals have been recently proposed, such
as the MOE®2X and M062X of Zhao and Truhldt, and first results indicate that the discrepancy

with higher level methods has been reduced.



Chapter 2

Extrapolation Procedures

As we have already mentioned, DFT methods offer energy values with an accuracy level of the
order of~3 kcal/mol, while high level post Hartré®ck methods are computationally demanding
These findings have pressed the development of several approximate procedures. These procedures
foresee the combination of different levels of theory with the goal of producing energy differences
accurate to about 1 kcal/mol. Among these proceduresyidith mentioning the G4 serie€%
and the CBS seri&s® of Petersson and coworkers

In addition, lately two different research groups have been focused on the development of new
procedures able to reach an accuracy of about 0.1 kcal/mol. These procedures are known as the
W1-W4 methods series proposed byaM t i n 6*° ang the HEAT protocol formulated by
Stanton and coworkéf§?. Their high level of accuracy is reached through the adoption of
CCSD(T) for the geometry optimization and the successive inclusion of very high level erergy co
rections and basis set extrapolations. At the moment, though, these methbdsapmlied only to
small molecules, although some recent work has attempted to extend the applicability ranges to
| arger mol ecul es. For exampl e, Martinds group
aromatic compounds with up to four ring&twa mean deviation of 0.2 kcal/mol

In conclusion, we can observe that there is a joint effort in producing increasingly accurate ene
gy results and thifollows the general tendency present within the scientific community to reach
higher levels of understanding of the chemical phenomena that rule the behavior of many systems

of scientific interest.

2.2. Kinetic Theories

In the following sectiorthe kinetic tleories available in the literature will be listed anstdssed
in order to provide the state of the art in which is collocated the present work. Moreovet; the a
vantages and limitations of each theory will be presented with the intention of revealimg-the
spective thaencouragedhis study.A detailed description of the kinetic theories encountered is
beyond the scope of t his introduction, t hus
uni mol ecul ar and r ecombi n a%tissoggesteds anexhaustivelre o f Gi

eren@ on the subject.

2.2.1. Basic Concepts

It can be helpful at this point to first introduce some basic aspects that lay at the foundation of

the methods and theories exploited here.

t
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Potential Energy Surfaces

One of the fundamental concepts on which chemical digsans based is the Born
Oppenheimer approximation for which the atoms within the molecules move according to forces
derived from a potential field that is determined by the electronic energy. Theoretically,c¢he ele
tronic energy can be mapped out as afiom of the nuclear positions solving the Schrddinger
equation for a number of different nuclear configurations. The plot of the electronic potential as a
function of the nuclear coordinates is meferre
ple, Figure 1 illustrates the PES for a collinear reaction. In this simple case, the potential depends

only on two nuclear coordinates producing a thdimeensional plot.

3000 —|

2000 -!

Energy (om ™)

RiHH) (A -

1000 —{

s 25 3
AUHH) A

Figure 1. Surface mesh plot of the patial energy surface for the collinear Hslfeactiontak-

en from refd4.

The Reaction @ordinate

The reaction coordinate, usually denoteds,as a curvilinear coordinate that links the reactant
region of the potential energy surface to the product region as depictapiie 3, where for sin-

plicity we again consider a collinear reaction as described in the schétiggi 2.

@ . lsc @

Figure 2. Collinear triatomic system
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Minimum Energy Path

Figure 3. Representationin the (g, rsc) plane of the triatomic system, of the new set of-rea

tion coordinates (s,u)

FromFigure 3 we can deduce that the reaction coordinatgs Kgc) are correlated to the set of
new coordinatess( u). The reaction cadinatesis defined as the coordinate that follows the&-mi
i mum energy path (MEP). Sl'icing the PESoal ong th
filedo i IFigweAt rated i n

\Y

n

>
Figure 4. Potentialalong the reaction coordinate s for a reaction with a barrigr E

ReactionClassification

A first approach to classifying gas phase reactions is realized by dividing them into unimolecular
and bimolecular. Unimolecular reactions proceed through the chiemaicaformation of one nto
ecule into another one or more different species. The various unimolecular reactions can-be disti

guished as dissociations, eliminations or isomerizations. Bimolecular reactions, on the other hand,
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take place when two moleculesliide and generate different species. In the specific case of add
tion or insertions we have one new molecule and two new molecules for substitutions @r abstra
tions.

Another way to classify chemical reactions is based on the shape of the potentialseniace
that connects the reactants to the products. First, the energy surface can show a maximum that
clearly divides the reactants from the products as showigure5a. I n t hi s cm&ase, we
pl e barrier cteant itdrad @rasa ersed hrough a #Atighto

On the other hand, the energy surface can also smoothly change from reactants to products with

no evident maximumHigure 5b) . I n this second casentrivicphave a
tenti al barriero or more simply a Al oosed tran:t
VA VI\
product
product
reactant . reactant \
a) reaction coordinate b) reaction coordinate

Figure 5. Potential energy surface for reactions with a) a tight transition state and b) a loose

transition state.

With the basis of these fundamental consgpte can now pass to the description of the kinetic

theories that represent the foundations on which the current research project was build.

2.2.2. Transition State Theory

Transitionstate theory (TST) providessimple and useful way tonderstand and estimattee
rates of chemical reactioriBhe theory as it was first proposed in 1935 by Eyriagd Evans and
Polanyf°r el i es on the concept that there exasts a
rates the reactants from the products. In other words, in order to convert into the products; the rea
tants need to reach particular molecular configuration that corresponds to a saddle point on the
potential energy surface. In fact, this configuration is characterized by a maximum alongthe rea
tion coordinate, but it is a minimum along all the other motions orthogoralkt® we move along
the minimum energy path.

In deriving the TST rate expression it is necessary to first introduce some basic assumptions.

The first assumpt i®wor ddses cirsi btehda ti nii tWieg ncearndpsar at
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nuclei is followed by the rapid motion of the electrons to such an extent that they are, fqguoevery
sition of the nuclei, in the | owest quantum st at
aspect is the possibility to separate the description of the motion of the nuclei from the motion of
the electrons. The second one directly relatedtoe f i r st i s the HfAadiabati c
the theory assumes that the reacting molecule or molecules are always in the same lowest quantum
state.

The second assumption comes as a result of the first. Given the possibility to separate the motion
of the nuclei with respect to electrons, it can be deemed acceptable to describe it by classical m
chanics. In particular, the nuclei will move under the action of the potential generated bythe ele
tronic energy of the reacting molecule in the lowest tjrarstate.

The third assumption says, AWe can find a cri
through this surface started in the reactant valley and that these reactive trajectories-dooset re
the surfaceo.

From this point on the theory mde derived and described following two different approaches.
In the customary way, one would postulate a fourth ge@silibrium assumption between the
transition state and the reactants. However, in 1938 Wigwess able to derive the same theory
adopting a dynamical approach that permitted to achieve the same result without diseugs
tion. This approach is the preferred one among the chemical kinetics community as (1) it gave the
possibility to correlate the statistical TST theory and the already known dynamic theories and (2)
successively turned out to be helpful in the gdir@on of the theory.

An important aspect of this derivation of TST rests in the classical definition of the reactive flux,
which passes through a dividing surface in the configuration space. Wigner, in fact, was able to
connect this expression to th@ra common TST formula.

The main result of TST theory is the following expression for the thermal rate coefficient:

0 QG (2)

where & and Q are the partition functions of the reactants and transition state, respectivisly, k

Boltzamanndéds constant, T t lare Ed tleragiwtioa énergy.e h i s P

Variational Transition State Theory (VTST)

The canonical transition state theory can be applied also to reactions that do not presient an ev
dent saddle point, or in other words reactions that predensetransition stateln this case, as we
cannot identify univocally the molecular configuration of the transition state it is necessary to apply
the variational principle to the computation of the rate coefficient. In fact, the transition state corr
sponds in terms of reactivieix to the minimum flux of reactive molecules that pass from reactants

to products per unit of time. This principle allows us to locate the transition state, choosiog the p

10
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sition along the reaction coordinate that minimizes the canonical rate coefficias illustrated in
Figure 6.

This procedure requires only a little more effort than the standard TST, as one repeatsithe calc
lation of k for a number of different transition states, until the position giving the minimum value
for kis determined.

Vl\
product
R
reactant R
K reaction coordinate
N
g

reaction coordinate

Figure 6. Determinationof the transition state throughevariational approach

Transition State Theory Limitations

TST and its variational form are both characterized by the same limitations sinceetlfieyres
ed on the same hypothesis. These limitations are:

V The non recrossing assumption. This is the most limiting one, as it is not always verified.
As itis, hence, TST provides only an upper bound value to the actual rate coefficient.

V The adiabatic assuption. This assumption leaves out all the spin forbidden reactions. In
other words, those reactions that involve a jump from one potential energy surface to a
other, like singleto-triplet reactions.

V The use of classical mechanics for the nuclei mofidnis approach excludes all those r
actions characterized by quantum effects, such as quantum tunneling.

Other limitations, instead, come from the definition of the reactants and TS partition functions
and in particular on how we decide to treat the infemades of vibration of the molecules. 1Go

monly, within the TST approach, the internal motions of the molecule are treated with th@-harmo
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ic oscillator approximation (HO). This approximation, though, is not always legitimate. For exa
ple, when we have argional vibration, characterized by a very low frequency, we are in tke pre
ence of a hindered rotor that cannot be treated as a harmonic oscillator.

Finally, conventional transition state theory, as it has been presented here does not take into co
sideraton any pressure dependence of the rate coefficient. However, it has been demonstrated that
for many gas phase reactions, especially those involving small molecules, the rate coefficient can
show a strong dependence with pressure. This realization dieméiss to formulate new theories
in order to treat this particular behavior. The combined master eqtREEM approach came out

as the most effective one and as such, it will be the focus of the next paragraph.

2.2.3. Microscopic Rate Coefficients The RRKM theory

As we have seen in the previous paragraph, a molecule that actually undergoes reaction must
have a high internal energy and at least it has to exceed the barrier existing between reactant and
products. Molecules in the gas phase can increase tteginahenergy through excitation induced
by collision with other molecules in the bath gas. Hence, a reaction is the combination of two steps:

- The addition or removal of energy by collision: A +2MA* + M

- The actual reaction event: A* products

(where A is the reactant, M is the bath gas and * denotes internal excitation).

Lindemani®, in 1922, was the first to propose such a mechanism to explain the dynamics of gas
phase unimolecular reactions. At the same time he also pointed out that this assumption leads to the
pressure dependence illustrated Figure 7, that only later was observed experimentally by
Ramsperger (19275.

high-pressure limit
falloff regime ..., N

Log(k)

low pressure limit

v

Log(p)

Figure 7. Schematidllustration of thepressuredependence ohermal rate coefficient
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We can explain the rate coefficient behavior with pressure as follows. At high pressures, coll
sional activation and deactivation are very fast, heneeatedetermining step of the mechanism
is the reaction event and as such, the overall rate coefficient will correspond to the rate coefficient
of the reaction event. Since this does not involve the bath gas, the overall rate coefficient will be
independat of pressure. At low pressure, the situation is inverted. In this case, in fact, the coll
sional activation and deactivation is the rd&termining step and the overall rate coefficient will
thus be proportional to the bath gas pressure. In the intetmedgion, we observe a fallok-r
gime.

The Lindemann description, however, gives only a qualitatively correct behavior of the pressure
dependence, but does not fit quantitatively the experimental data. This problem come &s a cons
quence of the assumptichat A and Aare the only possible levels, while it is necessary to include
all the energy levels of the molecule A and the higher ones that correspona@ddllstrated in

Figure 8.

R(E,E) — k(E;)

I’ ] )
(collision) ——— (reaction)

Energy

v

Figure 8. Schemel®wing collision and reaction events among levels of reactant A with energy
E.

In order to deduce the rate equation that describes this mechanism we must considenthe micr
scopic rates of collisional energy transfer from energy leve &nother level ith energy E R(E;,
E), and the microscopic rate of reaction from a level with enefg(E). It is necessary to take
into account that only molecules that reach an energy level higher thagpléwelEcorresponding
to the activation energy of theaction, can react. Introducing the population of each energy level,
g, we can formulate a population balance for each energy level:
aQ .
— 0 QY Qv QQ (3)
Qo
with [M] as the concentration of the bath gas.
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This is the most basic form of the master equation. Solving this equation it is possible to extract
information about the phenomenological rate coefficient, in other words the measurablenrate co
stant of the considered reaction as a function of temperature and pressure. Nevertheless, the sol
tion of this equation can be attempted only if information aboutrtiteoscopic reactionk(E;))
and the collisional energy transf@;) are known.

Collisional energy transfer can be determined theoretically from classical trajectoriea-simul
tions. This type of calculation, however, requires a significant computatdioat and provides
more information than what is actually needed. Hence, numerous approximate models have been
developed in the last decades, which permit to evaluat@tR much less computational cosit-
hough at a cost in reliability.

The microscopic reaction rate, previously considered as a function of the enerdy, lesvatt-
ally a function of not just the energy E, but also of the angular momentum J (where E is the total
energy of the molecule miis the contribution given by the rotational energy). This parameter, as
for the collisional energy transfer can be obtained exactly from complete classical trajecteries ca
culations. However, the most commonly employed and widely accepted approximaigtidasaf
the dynamics of the reaction step is RRKM theory, named for Rice, Ramsperger, Kasset-and Ma

cug>?

, Who are the scientists that contributed the rtw#s formulation.

RRKM theory lays on two basic assumptions:

x  The ergodicity assumption.

In the ergodicity assumption, we postulate that the vibrational energy is randomized rapidly on
the timescale of the reaction throughout all the vibrational degfefteealom. This assumption
implies that all initial distributions of internal modes of vibration with energy E become rapidly
equivalent and they carry equal weighting in the expression of the microscopic rate coefficient.

x  The transition state approximati.

The transition state approximation assumes that all trajectories that cross a surface dividing rea
tants from products will have started in the reactants region and will go directly to the preeucts r
gion without recrossing the dividing surface.

The final RRKM result is:

e ' ORmo (4)
T O

where J is the angular momentum, E is the energy, R is the rotational énégy,is the density

of states and the superscript denotes evaluatidrttze transition state.

It is important to highlight the definition of a basic concept: the density of states of a molecule.
As is known from quantum mechanics, the energy levels accessible for a molecule are quantized.
Hence, given a set of quantum ssateuch as those representeéigure 9, we can define an ene

gy rangedE (for example 500 ci) in which we can count the number of states having energy
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comprised between E and E+dE. The number of states per unit of energy id dsfile density
of states. The same count for the angular momentum J, he@bé is the number of states per

unit of E and J.

2000 - == = = e
1750

1500 — R R RS o

Energy (cm™)

p = 3 statesper 500 cm-1

Figure 9. Schematic representatiaf energy levels of a reactant molecule between 0 and 2000

cm’, illustrating density of states.

RRKM theory combined with the solution of the master equation is a very effective method for
predicting the rate coefficient of gas phase reactions in terms of both computational costiand acc
racy. However, this theorpeing based on the transition state approximation, inevitably suffers the
same limitations. Hence, for example, this theory is not able to treatospidden reactions or to
account for quantum effects, such as tunneling. Still, it is possible to cotitwde cases by gane
alization of the RRKM result; however, this will be a topic of later discussion.

Another feature that RRKM theory shares with TST is the requirement of an evident saddle
point. In the presence of a barrierless reaction it is, tleeggsary to use a variational implenaent
tion of RRKM theory, which is usually called the microcanonical variational transition state theory
(UVTST) that is the analogue of VTST. In the presence of barrierless reactions, though, labth stan
ard implementation of VTST anduVTST fail to reproduce experimental data with an accuracy
that is less than a factor of 2. The reason behind this discrepancy comes from the adoption of the
harmonic oscillator to model the internal degrees of freedom of the bimoleculat.addu

In order to overcome this limit Klippenstein formulated a new approach called the variable rea
tion coordinate transition state theory (VRST) developing the idea behind the Phase spaee int
gral basedl ST. This new approach will be briefly presentedhe next paragraph, while a detailed

description will be exposed in the Methods section.
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2.2.4. The Variable Reaction Coordinatei Transition State Theory

In the presence of barrierless reactions, it is particularly important to provide a proper treatment
of the variation of the location of the transition state. In fact, in such reactions the transition state
can be located at interfragment separations of tens of angstroms at low energies, d@whdb 2
higher energies.

A key concept introduced to describetter this behavior is the separation of the modes into the
vibration of the fragments, termed thenservednodes, and the relative and overall rotation and
relative translation of the fragments, called titamsitionalmodes. This separation permitsctom-
pute the number of states of the transition state as a convolution of the number of states corr
spording to the transitional modes and the number of states of the conserved modes, whieh are ca
culated for a number of points along the reaction coordit@téhe first version of this approach,
the reaction coordinate was taken as the separation between the centers of mass of the two reacting
fragments. This approximation is valid for large separations, but breaks down for shortar separ
tions distances.

The VRGTST approactt> explicitly considers the variation in the form of the reaction deord
nate. This is accomplished by introducing a variable reactordinate defined in terms of thesdi
tance between two variably located pivot points, with one pivot point for each fragment.iAn opt
mization is then carried out not only of the value of the reaction coordinate, but also of the defin
tion of the reactiorroordinate in terms of the location of the two pivot points. This VIEST ap-
proach can thus better represent the reaction coordinate also at close separation of the two reacting
fragment.

In the last two decades Klippenstein and coworkers further impityeegresent approach, also
validating its accuracy against a large set of experimental data available on a number ofubimolec
lar barrierless reactions, such as radiedical recombination reactiors.*****° This process of
improvement and validation yielded the currently most effective approach for the determination of

accurate rate coefficients for barrierless bimolecular reactions.

2.2.5. Solution of the Master Equation

As mentioned in the previous paragraph, a number of chemicdioreaoccur with non
equilibrium energy distributions (neBoltzmann), in other words the chemical reaction tsoale
is comparable to the collision tinseale. A successful approach that has been developed to model
this class of reactions is the time dapgent, multiple well master equation, in which a coearse

grained description of the energy levels accessible to the molecules is adopted.
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A+B
(source term)

Products
(sink)

C2

Figure 10. Representation of a generic reactive PE&en from ref 6(].

Considering the representation of a generic reactive system illustrd&pliie 10, it is possible
to formulate the master equation for a generic isomen the reactive PES, as:

Q) ©
Qo

% bdompR OWW ¢ O QpO0n © 0y on ©
(5)
0 00 0 005 O-ga—tn Qy Of O
Here,pm(E) is the rovibrational population density within a particular energy grain E. On the right
side of the equation we have seven terms, three are positive and correspond to the giE)into
while the other four tens are negative and correspond to outward fluxes. The first two terms are
correlated to the gain or loss of the population density due to collisional energy transfer phenomena
with the bath gas. The second two terms are the inward flux coming from aardadjgermediate
n and the outward flux due to the conversion of the isamito another isomen. The fifth term
is reaction in to the products and is considered if intermediasedirectly connected to the mto
ucts. Finally, the last two terms ardated to the bimolecular association source term and apply o
ly to those isomers that are populated through a bimolecular association reaction, in whigh it is a
sumed that reactant A is in significant excess compared to reactant B.
Equation( 5) as it is written does naepresent a closed system of differential equation sigce p
is not specified. Thus, if a bimolecular reaction is included in the reaction network, then itsis nece
sary to include an additional equation:
mo o 00 2% po ()

m Qﬁ 'Ol'] 'O’Q'Oéf] (VI Qﬁ O
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Over the entire set ohergy grains and intermediates, eduad (5) and( 6) give a set of co-
pled ordinary differential equations that may be solved using different approaches. Among-the ma
ter equation solvers present in the literature, we can distingwash ltly the approach they adopt:
stochastic approaches like kinetic Mo@arlo or matrix diagonalization techniques.
In the first class of master equation solvers, we find the MultiRielgram Suitef Barker and
coworker§' that emplog Gill espiebs exact stochastic met ho
Vereecken et & In the second class of master equation solvers are comprised the VariFlex code
of Klippenstein and coarker$®, t he MESMER ¢ o d®%®andthe cdlé impleémang 6 s gr o
ed by Frankcombe and Smifth.
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3 Methods

The following chaptereports the theories and methods@ed in this work.

Firstly, the electronic structure mettis usedhroughout this research project will be presented
and discussed. In particular, we will focus on the description of the cbeipker theoryas it has
been largely employet calculag accurate energy values
Detailsabout the CASPTthethod will be also reported’his method, in fact, has been adopted
to study reactions characterized by a multireference nature. In particular, it has been considered
significant to provide a few detailbout its derivation, which can asdise understanding of its
implementatiorthat is necessarfpr a correct utilizationHowever, for a complete and exhaustive
description of these theories we suggest the
Frank Jensen from which we report here only a brief extration.
In addition, an exhatise report on the kinetic theories implemented will follow. Specifically
the theoretical background and the details of implementation of the original MCRRKM homemade
code will be described. Successively, we will illustrate the building blocks that hamepbegrs-
sively added to create a program suite able to address the majority of the gas phase reactions one
may encounter. In particular, these building blocks include the treatment of:
0 Spinforbidden reactions.
0 Hindered rotor approximation.
0 Multi-well ard multichannel potential energy surfaces.
0 Tunneling correction.
o Bimolecular reactions.
Finally, the variable reaction coordinate transition state theory formulated and implemented by
Klippenstein and coworkers will be described. This theory, in factbées applied to study ampa
ticular set of bimolecular reactions with the intent to confirm its reliability in the treatmentosf rea

tions characterized by loose transition states.
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3.1. Computational Quantum Chemistry

3.1.1. The Hamiltonian Operator

The energy estinten of a multtatom multielectron system as a function of the atomic ceord
nates can be obtained integrating the tindependent Schrodinger equation that can be expressed
in a compact form as:

oy (7)
whereH represents the aniltonian operatoi(] is the wave function and E the energy.

The Hamiltonian operator can be obtained by writing down the total energy (kinetic plas pote
tial) for the system of interest as a function of the positions and momentum variables. Subsequen
ly, any momentunpfor a particle of mass can be substituted with the operatof"Q®.

For a system with M nuclei the positions are identifiedv®and charges bg Q If we indicate
the momentum a®P and the masdVl, for each nukeus, then the kinetic energy becomes

0 jcb . Equivalently, we have N electrons with the same chaegand the same mass. The
position of the ith electron is denoted kg and its momentum byp, so that its kinetic emgy is
njca

The total kinetic energy is therefore

0 — (8)
cO ca
The potential energy of the system is given by the electrostatic energy due terhetions b-
tween the charges. For the system of our interest, with two types of particles nuclei and electrons,

we obtain

o P L% P LL P P ‘*)'9‘ (9)
The first term on the rightand side is the nucleumsicleus interaction, the second one is th
electronelectron interaction and the last one is the nuetdestron interaction.
In the total energy expression:
O O O (10)

We insert the operatoo 7’'QPand therobtain the Hamiltonian operator:

2. 2. p P HHQ p P _Q

¢ °? s ™“- 9y 'Y q ™“- b b (11)
p p OQ
q - Y b
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We can write the Hamiltonian in a compact form accordingly as
O Y Y w ® ® (12)

3.1.2. The Born-Oppenheimer Approximation

The solution of the Schrédinger equation depends on the spin and position coordinates of all the
electrons
ph fph Mheh k emMmBm ko (13)
and the nuclei
PhH APR BARY R k OB k& (14)
We can express the Schrodinger as
ay Y Y o &) o wdm oy dhbd (15)
We can group the Hamiltonian operators in two parts sahbauatiorbecomes

Y Yo © wéd 0dy dm (16)

The first term depends only on thaclear spins and positions, the second part depends only on
the spin and position of the electrons. Thus, we can introduce theCpmenheimer approxia
tion. The physical idea is that the electrons move much faster than the nuclei, hence it is possible
for the electrons to find their fAequilibrium
The Schrddinger equation can consequently be solved as the product given by the two wave
functions contributions: one offered by the nuclei that depends only on the nuclémnpasd a

second one that corresponds to the electrons and depends on both sets of coordinates:

wehd w Ay & (17)
Introducing this functiondlorm, we can write thé&chrddingeequation for the electrons:
Yo® O wdAm 0 B (18)

Finally, the total energ¥ is found
Yo ®
o © 4 0 ® (19)
Wy ®

The advantage ohis assumption is the possibility to treat the nuclei as classical particles that

give rise to a total energy contribution and an electrostatic field in which the electrons move.

3.1.3. Hartree-Fock Theory

To solve the Schrodinger equation it is necessary todatre a functional form for the solution
that is a functional form for the wave function. The Harffeek theory is based on approximating
the Nelectron wave function with a simple functional that allows the satisfaction of the

antisymmetry condition, wbh is the Slater determinant
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%o @ %o ® 8 %o @
o e Mo 8 %o (20)
%o @ %o @ 8 %o @

Herel stands for the approximate solution to the real wave fun@iand%o. is the molecular
spinorbital wave function for theth electron.

The Hartree=ock method consists then of the solution to the Schrédieguation through the
utilization of the variational principle assuming the functional form of the wave functiore-corr
sponding to one Slater determinant. This implies that the eleekeatron interaction is considered
as an average effecthe HartreéFock method is also called, especially in the older literature,
the self-consistent field methof(6CF) becausehé solutions to theesulting nodinear equations
are solved by means of an iterative algorithm assumingetwdt particle is subjected to thean

field created by all other particles

3.1.4. Basis &t Approximation

In order to make a wave function calculation possible for systems with more than two atoms,
however, it is necessary to approximate the molecular orEitals terms of a set of knawfunc-

tions. Hence, each molecular orbital can be expressed as an expansjtmasiENunctiong

%o @ & ... @ Q pfB (21)

The number of orbitals obtained with this procedsreéternmed by the basis set dimension.
However, not albf the orbitals will be occupied by electrons, but only those at lower energy.

3.1.5. Electron Correlation Methods

As it has been already pointed out, the Harffeek method gnerates solutions to the $dh
dinger equation that account for the electetectron interaction as an average effect. Adopting an
appropriately large basis set it is possible to reach 99% of the solution, but the 1% that is left can
still be very significant to the description ofezhical phenomena. This energy difference is often
called electron correlation energy and from a physical point of view is correlated to the description
of the relative motion of the electrons being correlated.

This correlation can be of two types:

A Intra-orbitali considered between electrons of the same molecular orbital

A Inter-orbitali considered between electrons of different molecular orbitals

These two contributions correspond to electrons with opposite spin. In addition, the interaction

between eletrons with equal spin can also be considered, but its contribution is much leds signif
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cant. In this framework, the Hartr€®ck solution is regarded as a starting point for improvements
to the approximation of the exact solution. In particular, therfiethod that has been proposed for
calculating the electron correlation energy is based on an increase in the number of Slater determ
nants.

The wave function is thus expressed as a linear combinatiop Siiér determinants following

the scheme:
.0 %O B O W
%o @ Q... ®
(22)
W OBk O @

In the HF computation, only one Salter determinant is used, which is built with the lowest ene
gy molecular orbitals. Heever, a new series of determinants can be generated by replacing the
molecular orbitals that are occupied in the HF determinant with molecular orbitals that ane-unocc
pied, (virtual orbitals). Depending on how many molecular orbitals have been replaceill we
generate Slater determinants that are singly, doubly, triply etc. excited with respect to the HF d
terminant.

The total number of determinants that can be generated depends on the basis set dimension. A
larger basis set, in fact, corresponds to gdanumber of virtual orbitals, allowing the possibility
to build more determinants that are excited.

There are three main methods for calculating the electron correlation: Configuration Interaction
(CI), Many-Body Perturbation Theory (MBPT), and Coupldds@er (CC).

Configuration Interaction i CI°°

The configuration interaction method is based on the variational geraifalogous to the HF
method. The wave function is written as a linear combination of Slater determinants, with the e

pansion coefficients determined by imposing as a condition the minimization of the energy.
TN B @B ok E oB (23)

The molecular orbitals adopted to build the excited Slater determinants are taken fromu-lF calc
lations and kept fixed. Subscripts S, D, T etc. denote determinants sioghly, triply etc. excited
with respect to the HF configuration.

Taking into consideration all the possible excited determinants, we obtdinltGé wave furc-

tion. In this solution, there are no approximations in the correlation correction compudaibe
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from the one introduced by the dimension of the basis set chosen to represent the single electron
wave function. This result, however, is obtained only with a high computational effort.

To develop a model able to give reasonable results at a tmagyutational cost the number of
determinants in the Cl expansion must be truncated. Introducing only single excited determinants
does not give significant improvements over the Haffi@ek solution. If only doubly exciteded
terminants are added, yieldinige CID model, there is an improvement. Moreover, this addition
made in conjunction with the introduction of also singly excited determinants leads to even better
solutions with low additional effort. This method is denoted as CISD. Sequentially, trigly a
quadruply excited determinants can also be added leading to the CISDT and CISDTQ methods.
The last one is very accurate since its results are close to Full CI limit, but it is still very demanding

in term of computational cost and it can be applied tmgmall molecules and small basis sets.

Multi -Configuration Self Consistent Field®

The Multi-Configuration Self Consistent Field (MCSCF) method can be dedaas a general
zation of the Cl method. Within this method, in fact, not only the coefficients in front of the Slater
determinants are optimized following the variational principle, but also the molecular orbitals that
compose the Slater determinantsthis way many configurations or combinations of molecular
orbitals can be distinguished. This property is especially useful when treating molecules like ozone
that present different resonance structures which are important in the definition of the meave fu
tion.

These methods find also a large application in the energy description of homolytic dissociation
reactions as Hartreéock wave functions are known to be poorly suited for the task. The problem
is that using the common HF method we restrict theewfamction to have only doubly occupied
orbitals (e.g. restricted HF). Calculating the bond separation energy as a function of thesbond di
tance with such a method leads to results characterized by a spurious ionic character. Without i
posing such restricns, e.g. adopting the unrestricted version of the HF method, the wave function
obtained suffers from spin contamination. Hence, it is necessary to adopt a method capable to take
into account the changes of the wave function configuration along theoreaotirdinate. This is
accomplished with MCSCF methods.
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All
CAS excitations

Figure 11 lllustration of the complete active space (CAS) selection.

The major problem of MCSCF methods is the selection of the configurations to include in the
calculation of the wave function, which are necessary to describe correctly the property of interest.
One of the most popular approaches isGbenplete Active Space Self Consistent HEISSCF)
method. To generate the configurations needed, here the molecitalsate partitioned intoca
tive and inactive spaces. Generally, the active orbitals are the lowest unoccupied and the highest
occupied orbitals from a HF calculation, as depictegigure 11.

The selection of the molecular orbitaédsinclude in the active space must be done manuddly ta
ing into account the problem at hand and the computational resources necessary to carry out the
calculation. When several points along the dissociating bond are needed, for example, the orbitals
that will undergo significant changes must be included to describe properly the potential energy
surface.

It is important to highlight that the correlation energy can be separated into two contributions:

1 Statici generated by the effect of allowing orbitatstiecome partly singly occupied or
even unoccupied instead of forcing double occupation.
1 Dynamici generated by taking into account the correlation in the motion of the electrons.

In this framework, MCSCF met hodspasgoftheam®opt ed
lation energy but they neglect the dynamic contribution. Thus, they cannot be used to olstain qua
titatively accurate correct results, but they can offer a qualitatively correct wave function that can
be used as a reference for successivee accurate calculations. In the next section, we wel pr

sent a method that exploits this feature.

Multi -Reference Configuration Interaction

Cl methods generally have an HF wave function as a reference, e.g. we generate the excited co

figurations from asingle Salter determinant. It is possible, however to use a different reference
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wave function. Adopting the MCSCF wave function as a reference for a configuration interaction
calculation generates a new method called Mrétfierence Configuration Interamt (MRCI). In

fact, the number of references changes with the number of configurations included in the MCSCF
wave function. MRCI calculations that include a large number of configurations in the MCSCF
reference generate very accurate results, but are@isputationally very expensive.

It is interesting to notice that, as for the CI method, the same approach can be applied also to
other singlereference electron correlation methods. For example, including the MCSCFras refe
ence wave function to the perbation method MP2, which will be described in the next section,
leads to the method called CASPT2.

Many Body Perturbation Theory i Mgller-Plesset Perturbation Theory’

The main idea behind the perturbation methods is that the problem at hand differs only slightly
from an already solved one. Hence, the solutiothe given problem will not be too distant from
the solution of the already known system. This idea can be mathematically described by defining a
Hamiltonian operator formed by two terms, the referengg (Hand t he perturbati on
"83 O%EO"Q ripft 8 Fb (24)
wherea-is a variable parameter that indicates the level of perturbation. The perturbed Sghrddin
equation is defined as
Qy 7w (25)
If =0, thenH = Hy, 4 = 0 and W =E, and we obtain an unperturbed wave function. Irerea
ing afrom 0 to 1 and 2 we obtain respectively first order and second order perturbed wave fun
tions. When applying this theory to the calculationhaf correlation energy the Hamiltonian cger
tor must be chosen. A common choice lris the sum of Fock operators, whose specification is
found in the derivation of Hartreeock theory. In particular, the first order of perturbation &orr
sponds to the Hresult and in order to recover some of the electron correlation energy it $s nece

sary to go to order 2, thus obtaining the MP2 method

Coupled Cluster’®

Perturbation methods add all types of correction (S, D, T, Q, etc.) to the reference wave fun
tion to a given order (2, 3, 4, etc.). The idea of Coupled Cluster (CC) methods isitieiatitype
of corrections for an infinite order of perturbation.
We can start by defining a cluster operator T:
"Y 'Y Y Y E Y (26)
The T; operator acting on the reference wave function generates althitexcited Slater dete

minants.
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YB 0B (27)

Y o B (28)

The CC wave function thus becomes:

w Ag
Py Py = p. (29)
Q Y =Y =Y E = Y
P G ¢ A
Combining equatin ( 26) and equatiot 29) we obtain:
Q p v v Py vy Py
P, P P. -

YOYY Y E"Y’Y c_TY E
Here the first term generates the HF reference, the second all excited states generated by a single
electron excitation, then the first parenthesis generates all the doubly excited states, in the second
parenthesis we have all the triplyoited states and so on. With this CC wave function, thedSchr
dinger equation becomes:
™mB %W B (31)

Introducing the previous expressions, then it is possible to search for the minimum of the energy by
varying the tamplitudes.

To solve the problem, however, it is necessary to truncate the expahgscitation levels, or
in other words to decide how many terms to introduce in the T operator. If we introduce only the
first term (T;) no improvement is reached with respect to the HF solution. Introducing onlg-the s
cond term some of the electron @@ation energy is recovered and we have the CCD method. The
singly excited term is not much more demanding in term of computational cost and yields a more
complete method (the CCSD model). Introducing also the third excitation term we have the
CCSDT methd, that is quite computationally expensive and can be applied only to smal mol
cules.

The CCSD(T) method, that has been extensively adopted throughout the present workj- is an h
brid method that combines CCSD and MP4 methods. In particular, in thisheasiples contrib-
tion is computed separately through the perturbation theory and added to the CCSD results. In add
tion, a term coming from the fifth order perturbation that describes the coupling between singles
and triples is also includéa.

In a Coupled Cluster calculation, it is possible to recover information about tkieefatence
character of the wave function through the calculation of thdidgnostic. If this parameter is less
than 0.02 then the CCSD(T) wave function is expected to give results close to the full Cl kimit, ot
erwise is necessary to employ a mutference method.
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Summarizing, in terms of accuracy with a medium sized basis set, the following order i$-genera
ly observed"
HF << MP2 < CISD < MP4(SDQy CCSD < MP4 < CCSD(T)

All of these are single reference methods. Mudference methods are not easily classified as
their accuracy strongly depends on the number of configurations choske reference wave

function.

3.2. Kinetic theories

3.2.1. MCRRKM i Theory and Implementation

The MCRRKM code is a homemade code implemented within the Chimica Fisica Applicata
CFA research group and in particular el been t
simul ations of the production process of advanc
Alessandro Barbatdand of a recent paper by Barbato e’aence, for a more detailed degeri
tion of its implementation and validation we refer to theseurces.

However, as this code has been used and further developed within this research projatt, we co
sidered it worthwhile to gsent here a summary of the theory on which the program is based and a

few details about itgriplementation.

RRKM -Master Equation theory

The calculation of pressure dependent rate constants with MCRRKM is based on the stochastic
integration of the Master Equation (ME), which is performed discretizing the investigated
rovibrational energy field into finite bins whose reactingparties are determined through RRKM
theory. In particular, the form of the tweimensional ME for a unimolecular reaction characterized
by a single well is given by

Qi) i O
A 0 OUpPh abOh 0 O QO GO  (32)

QO ¢ o
Here™Q Y is the thermal rate constads,ON) is the populatiomistribution, Z is the collisional
frequency of the reactant with the bath gagphiiD i) is the probability that the collision yields
to an energy jump from levé to level E and from angular momentum levéitd level J. Finally
k(E,J) is the RRKM rate coefficient.
This is the complete formulation of the master equation, in fact, it takes into account both energy

and angular momentum conservation. However, the solution of the master equation in this form is
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still a challenge for the santific community. The problem comes from the absence of a coeect d

scription of the J dependency of the transfer probaBilitghiro ) .
The approach here adopted to overcome this issue is the E,J model of MilléF tiiaalexploits

the fAinitial J i ndep®robPmc eanbecalclatedms: i on f or whi

0 OpPh 0 OO « O (33)

This expression means that the transfer probability does not depend on the angular momentum

of the molecule before the collisiol, fr om this the name Ainitial J
Including equatior{ 33) within the2D-ME, it is possible to obtain a master equation dependent

only on the total energy E, i.e. a edienensional master equation.
Y A0 & 000 3O 0 OFO O ‘G0 QOO (34)

where the <hveraged quantiti€QO andsfO are defined as

oo @ O (35)
00 B QO o O 36
B &O0 (36)
with 'O equal to
N R (37)
@ & QoD
ands O is given by
o) v 38
B O (38)

In this expressioit ‘ON) represents the rovibrational density of states of the molecule at energy E
and angular moménm J. Rotational and vibrational density of states and the degeneracy of each
energetic level E are computed with the BeSaiinehart algorithm.
The implementation of this approach still requires tfierocanonical rate coefficienfQon ,
thetransition probabilitybetween different energy levels,0fO , and thecollision frequencyZ.
Themicrocanonical rate constantcan be computed through RRKM theory as:
QO b o Om

wher e h tosstafthran ©% @sshe sum of states at the transition state.

(39)

The transition probability for the downward transfefy OO with E' > E, can be computed
by adopting any one of several functional forms. Here we have decided to impleeneatrtmon

isingle exponenti al downo model as:
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R p o o .
< 4
0 OO o) Aopb 30 O ©O (40)
In this expression &E') is a normalization factor ansfO is the mean energy transafed in

a deactivating collision. Microscopic reversibility can be imposed to recover also the probability
for upwards energy transfer, i.e. using the condition:
QO 0 OO0  "QO 0 Oho (41)

here"QO is theBoltzmann distribution function, which is computed as:

” 'O 'O
o~ ! _ (42)
QO — A@D—,Q,,Y
with:
0 "OA@D o Q0 43
0 oy (43)

whereki s t he Boltzmannds constant.
Thecollision frequencyof the molecule with the bath gas is computed using Leniards cb
lision rates as:
“-“QUY .
LIJ— - m h (44)
where,, is the hard sphere diametérjs the reduced mass, is the bath gas conceation and
m 1 AR the collision integral of Reid et & defined as:

m PPOPTUL TWCT YX CPOp XY
"y 8 Aoy x O AoR8 ox Yayy

with Y  Q"W-

Once the parameterQChy , 0 ‘ONO  and Z are known it is possible to integrate the 1D master

(45)

equation of equatio(34).

Implementation of the RRKM T heory and Solution of the Master Equation

The MCRRKM code is based on the stochastic integratidhe master equation, which isrpe
formed by discretizing the investigated rovibrational internal molecular energy into finite bins
whose reacting properties are determined as mentioned previously with RRKM theory.

In the designed computational protocthlraaction and transitional collisional properties are ca
culated before starting the ME integration cycle with an integration energy step of. TThem
they are averaged over discrete energy bins whose size is determined through a series of test calc
lations, which are needed to find a reasonable compromise between computational efficiency and
numerical accuracy.

After this evaluation and averaging processes we move to the main ME integration cycle. The

simulation starts by assuming at time O a reactaiécule is at an assigned energyafd unde
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goes a collision event. The collision can eventually yield to a complex excited at energy E with
probability P defined as:
0 L (46)
B Y
Here Ris any possible transition event for the activated complex, which, in the first impeement
tion of the code were: excitation to a higher energy levekxd#ation to a lower energy levely
reaction to products. To limit the total number of possible transitions of the excited addukt, a ma

imum value JM for the collisional energy transfer events was fixed

Calculation of all
transition
probabilities

Inizialization of
transitions for
event 1

Randm choice of
a transition

Total
Update reactive
simulation time events

reached?

Update list of Write output

transitions
End of the
simulation

Figure 12. MCRRKM protocol for the simulation of a unimaléar reaction

Reaction
event?

The transition event of the activated complex is searched randomly using a rejectiondree alg
rithm. In particular, a random number U comprised between 0 and 1 is generated and the transition

event is chosen among the:Mvents that satfy the following condition:

Yo Tyz Y Y (47)
the simulation time is then updated with a real time increwpecélculated as:
o, 117
Yo
B 2

(48)

The simulation terminates when a reactive event occurs. After this a new simulation can be
started until the total number of the desired reactive events has taken place as reported dehematica
ly in Figure 12. The randonmumber generator adopted is tMersenne Twister.

After solving the RRKM/master equation combined system using the approach described before

it is necessary to extract information about the thermal rate constant of the overall reaction.
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The first versiorof the code foresaw a post processing of the output data at the end of a-stocha
tic ME simulation to obtain the rate coefficient desired. In particular, the kinetic constantlwas ca
culated taking advantage of the solution of the mass balance for a popofahl reacting ma-
cules, which for a unimolecular reaction with rate coefficigptcian be expressed as:

o (49)
This equation can be integrated analytically obtaitiregexpression:
P o (50)
0
The kinetic constant can loalculatedperforming a linear regressiaver the simulation time that
each molecule takes to react.

This feature was changed within the course of the present project with the incorporation of the
calculation of the rate coefficient fAdon the fly
the formulation of a new procedure for the determination of the convergence criteria that allowed
obtaining more accurate and robust solutions.

In particular, three different approaches available can be used to determine the kinetic constant.
The first isthe one mentioned before, which is based on a linear regression. The secong-s the a
proach adopted by Barker and coworkers in the Multiwell program %fite, which the kinetic
constant is calculated as the inverse of the sum dirtieethat each molecule has taken to react d
vided by the total simulation time. The third is the direct evaluation of the kinetic constant from
RRKM rates weighted over the energy distribution function calculated stochastically from the time
spent in eat energy bin.

The convergence criteria can thus be defined as the limit at which the rate coefficients calculated
using the three different approaches reach a constant value, which was defined as the iteration at
which the studentobfglentelimitest | i mit has a 1% c

The adoption of a discrete formulation of the master equation and its direct stochastic integration
has several advantages over direct numerical integration, among which the most significant is the
possibility to solve the ME without intducing any restrictive approximation to the set of integral
differential equations considered, which is often necessary to make the ME numerically tractable.
A second advantage of this approach is that both transitions among energy bins and reactions are
treated similarly as independent events characterized by a specific transition frequencyr-This pe
mits us to avoid the normalization of the collisional transfer matrix over the total numberi-of coll
sions. Lastly, since one molecule at time is considereddon simulation and successive siaaul

tions are independent, it is possible to run the simulations in parallel on multiple processors.
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3.3. Overcoming TST Limitations i MCRRKM Development

The following paragraph presents the theories adopted to overconrartbigidn state limd-
tions encountered in the course of the present project and the details of their implementation in to
the MCRRKM code.

3.3.1. Spin Forbidden Reactions

Spin forbidden reactions are a particular class of reactions in which a change of spas-stat
curs. They are said to be nadiabatic in the sense that they occur on multiple energy surfaces.
Generally, to undergo a transformation from r e:
one energy surface, corresponding to the spin stateathactant, to another one, that corresponds
to the spin state of the product. However, reactions that require more than one hop can also occur,
which means that a reaction with reactants and products that have the same spin state may also be

spin forbidaen.

Figure 13. Schematic crossing of a singleiplet crossing.

Still, the essential features of a spin forbidden reaction may be illustrated in the crossing of a

singlet and triplet state of a molecule, as representeijime 13.

Derivation of the Hopping Probability i Landau-Zener Theory

Letf «Y and[ oY be the two electronic wave functions of the molecule and let them
have the following properties:
(AT 'Y isasinglet state for R <,Rand a triplet state for R >R
(2) 7T @'Y isatriplet state for R Ry and a singlet state for R 3R
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The adiabatic theorem says that if the molecule is initially in stateand R changes infinitely
slowly from R < R to R > R, then the molecule will remain in state. However, if R changes
with finite velocity, the final state will be a linear combination of the two.

Let %0and%o be such linear combination pof andl , that for all values of R has the cha
acteristics which has at R > R while %o has the characteristics which has at R > R In this
way %o is a pure triplet state whibge is a pure singlet state.

In this framework the Schrédinger equation%erand%o. can be written as:

Do - %o - %o

Do - %o - %o (51)
Introducing the following assumptions:
a) - Y <<the relative kinetic energy of the two systems. With this condition, the motion

of the centers of gravity of the two atoms can be treated as an external parameter
b) The transition region is small to the point that in it we may consider- as a linear
function of time and 'Y, %0 oj 'Y and %0 ¢j 'Y as independent of time. This is true if
- 'Y s sufficiently small.
If the relative velocity of the two systems is constant, assumption b) leads to the relationship
shown inFigure 14 between Y ,- 'Y and the eigenvalues pf and[ , that areE;(R) and
Ex(R). Ei(R) andE,x(R) are hypedbolae haing- Y and- 'Y as asymptotes. The closest distance
betweerk; andE,, that is Ei(Ry) - Ex(Ry), is givenby 2 Y .

Ry R

Figure 14. Schematization of singltiplet state crossing with evidence dmettransition e-

gion.

With these assumptions, it is possible to solve the wave equation, obtaining the probability, P, of

a nonadiabatic transition. The solution has been found analytically by 2énd935 in the form:
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“- Q
A@D° = - (52)
) Qo
and contemporarily Landdtiobtained a very similar result
>* A@gb : y (53)
¢ O ©

with v the relative vedcity, (p=2lf12 andF; andF; are the forces that act upon the two states.
With the identification of— - - 0O O, the two formulas are id

exponent being smaller only by a factor 6f Zhis expression tas the name Landaiener fao-
mula and it is commonly written as:
cn "O -

0 o — 54
b O Agb >0 O (54)

where H corresponds tt,, the oftdiagonal spirorbit coupling element of the Hamiltoniaram

trix between two general electronic stateg; is the relative slope of the two surfaces at theseros

ing point. 0 — , wherep is the reduced mass and E the kinetic energy of the system as it

moves through the crossing point.
The probability of hopping &t a double passage is expressed as
n O p 0O p O (55)
that is the sum of the probability of hopping on the first pass§ ) plus the probability of ho-

ping not on the first but at the secondp&s (p 0 )).”

Micro -canonical Rate Coefficients for Spin Forbidden Ractions

Once the probability to hop from an electronic state to another has been determinedait is rel
tively easy to introduce this element into the definition of the RRKM rate constant.

As in simple RRKM theory, the density of states can be expressed as thautionvaf the da-
sities of states of different separable degrees of freedom. Let us consider the single degeee of fre
dom as the MAhoppi ng dFiguwenldandFigarald end assmheiitésisepa-s R i n
ble from the fAspectatoro rotational and vibrat
total density of states as a convolution between the probability of hopping from one surfiace to a

other at energy )y 'O, and the rovibrational density of stajéE)

0 © " 0 0R O OWkK " OnR ©O O 0O (56)
Thus, the microcanonical rate coefficigk(E,J), can be written as:
omn O O 0 QO
This approach made populay Harvey®i s n a med i fadbart i ¢ Tr ansardti on S

QO (57)

has the ability to extenithe application of RRKM theory also to spin forbidden reactions.
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Details of Implemertation

As stated before, the implementation of famhabatic transition state theory is quite straightfo
ward once the hopping probability is known as a function of energy E. However, to determine the
hopping probability with the expression given by Landaner theory:

cn 'O -

we need the following parameters:

- gF 1 the relative slope of the energy surfaces of the two electronic states at the crossing point.

- Hso' the offdiagonal spirorbit couging element of the Hamiltonian matrix between the two
states at the crossing point.

Both parameters are properties of the crossing point, thus, the first step in our protocal-is the |
cation of the minimum energy crossing point (MECP).

Several alternativevays to locate the crossing region have been suggested. In this procedure we
have adopted the most common method also called by Hatvéye fparti al optimizat
This method in fact involves a series of geometry optimization on both potential energy surfaces
with a particular reaction coordinate (that can be a bond length or an anglerbaieeleonds)
constrained to a series of different values. This scan of the two potential energy surfaces generates
two cuts that may eventually cross at certain values of the chosen coordinate.

When the structure of the crossing point has been deternitiiegpssible to calculate the gro

erties we are interested in and successively apphad@batic transition state theory.

3.3.2. The 1D Hindered Rotor Approximation

One of the limitations of standard TST comes from the definition of the reactants andtransit
state partition functions, in which aliternal motions are treated in the harmonic oscillator appro
imation. This approximation however fails in the case of torsional modes that aretefized by
very low frequencie& These motions cannot eeated as vibrations, but have to be treated-as i
ternal rotations.

The internal rotations of a molecule can be distinguished into two classes: free rotoms-and hi
dered rotors. However, internal rotations are often subject to hindrances due to thatstetic
tions Etween the parts of the molecule that move relative to each other.

A common proceduré adopted for the treatment of hindered rotors starts with the assumption
that it is possible to count separately the contribution of each degree of freedom. In this way, we
assume that the possible internal rotatiohe molecule are not coupled and we treat each rotor
with an effective onelimensional Hamiltonian. It is necessary to say that this is an approximate
treatment and that using this assumption may sacrifice accuracy in cases of highly coapled rot
tions. However, the extreme difficulty of treating multidimensional problems, especially for large
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systems, lets us presume that the assumption of uncoupled rotors will still be commonly exploited
in the near future.
The steps of the adopted procedure are theviaig:
(1) calculation of theotational potential energy surface
(2) calculation of theeduced internal moment of inertia
(3) solution of thel D rotational Schrédinger equation
(4) calculation of theartition function of the internal rotation eneigyels

Rotational Potential Energy Surface

The first step in the hindered rotor approach is the computation of the potential energy surface

for each rotation (an example is giverFigure 15).

V (kcal/mol)
o
*\
=
%/,/4
\o\\
-
\\\‘\0\&
<
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-180  -120 -60 0 60 120 180
Dihedral angle ©

Figure 15. Scheme of internal rotations for theottyl radical and the potential energy surface

for the rotation around the dihedral angle.

The potential energy surface for the rotation can be determined with constrained optimizations.
More specifically, for a nmber of fixed values of the dihedral angle corresponding to the rotation

of interest, one calculates the minimum energy structure of the molecule.

Reduced Internal Moment of Inertia

Another important parameter that needs to be defined is the reduced nobrimentia. Even if
the present approach does not account for potential coupling, it can account for kinetic coupling via
reduction of the internal moments of inertia. A thorough exposition of this reduction and various
approximations used to evaluateriiee moments for internal rotations was presented in a detailed

analysis performed by East and Radém.
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They introduced the notatidf®™” to classify the various approximations available. Heirwdi-
cates the level of approximation for a rotor attached to a fixed frame before any redwbtlen
themindicates the level of approximation of the coupling reduction. Moreover, since it is possible
to arbitrarily choose either end (Al efto or Ari
added.
If n= 1, the moment of inertia of ¢hrotating group is computed about the axis containing the
twisting bond. Ifn = 2, | is computed about the axis parallel to the bond but passing through the
center of mass of the rotating group. If n = 3, I is computed about the axis passing throwgh the c
ters of mass of the rotating group and the remainder of the molecule. An illustrative schesne is pr

sented irFigure 16.

..

(' CoM of the

.. -, rotatinggroup

...................................... G......MCOM of the
rotatinggroup

CoM of the

remaining of the
molecule

Figure 16. Schematic representation of the axis considered for each n index intdobydeast
and Radom.

If m= 1, the moment of inertia of the rotating group is not reduced.9f2, the reduced m
ment due to coupling with the overall rotation is approximated by

p p p
"OF] "Oﬁ "Oﬁ

(59)

In their dissdiation, East and Radom listed algproximations fom = 3 andm = 4, that repe-
sent higher levels of approximation of the coupling reduction. However theiigteEstshould e-
quire a deeper analysis and this goes beyond the scope of the present thesis, thus we refer to their
paper for further detail$.

In our procedure, we choose to calculate the moments of inertia of the systems investigated with
m= 2. The reason behind this choice can be foarbde robustness and the reasonable accuracy by

which this method is characterized. In fact, once more East and Rimtoonstrated that theam
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ment of inertia calculated &2, with respect td®? and1®?, generally les within 5% of the best
values and only in amall numler of caseghe error can be as large as 30%.

1D Rotational Schrodinger Equation

Once the potential and the moment of inertia have been obtained, the energy levels can be co

puted solving the 1D rotational Schrédinger equation

2701;%[? d)%oLL] %o -LL|%0 (60)

wherel, is the reduced moment of inertia for the rotating top ¥fid is the rotational hindrance
potential andk is the rotational angle.

The solution of the Schradijjer equation adopting a finite difference method and the rotational
potential fitted with a Fourier series expansion was implemented and tested in"spn@rious to

this thesis, which was developed following the procedure suggested by Van Speybro&tk et al.

Partition Functi on for an Internal R otation

For each eigenvalue calculated there is a corresponding accessible rotational energy level and
they can be used to calculate directly the partition function for the associated internal iptation

which is expressed as:

U "QAQJE)T'Z—,,Y (61)
wheregy is the degeneracy of the rotational energy levednd, is the symmetry number of the
internal rotation.

Internal rotations can be found both in the reactant and in the TS vibrati@igsis. Hence, the
procedure described so far can be applied to conventional transition state theory introducing the
partition functions calculated for all the internal rotations of the system (both in the reactants and
the TS) as follows:

0 Q—QU - Qoigx xEQE N (62)

taking care to eliminate from the computation of the vibrational partition function the low fireque
cies corresponding to the intatmotations individuated.
The next paragraph describes the approach implemented in order to extend the present approx

mation to RRKM rate coefficients estimation

Hindered Rotor Approximation within the M icrocanonical Ensemble

In order to include the 1Dindered rotor approximation in our combined ME/RRKM approach,
we implemented a new algorithm within the MCRRKM code able to compute the density of states

for each internal rotation separately and then calculate the overall rovibrational density of states.
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It is known that the overall density of states can be expressed, within the approximatica of sep
rable degrees of freedom, as the convolution of the density of states of individual modes. Thus, we
computed the density of states for the hindered rotodirbgt count of the quantized energy levels
that were within the ener gy T @hegpectrnoteigenta+ E, Wi
ues for each hindered rotor is obtained by solving the 1D rotational Schrédinger equation-as prev
ously described. M@over, for those species with more than one internal hindered rotation, we first
sum the eigenvalues related to the degrees of freedom under consideration and then successively
convolute the density of states are as mentioned above.

Successively, this deityg was convoluted with the vibrational density of states usind@ther
Swinehartalgorithm with an initialization vector that contains the density of states previously
evaluated for internal rotations, as suggested by Astholz®tUilizing this estimation of the
rovibrational density of states for both reactant and transition state in the presence of degenerate
torsional modes it is possible to evaluate the microcanonical rate coefficient colrgdtet hi-

dered rotor approximation

3.3.3. Multi -well Reactions

Here, the single well integration protocol of the master equation described previously has been
extended to describe the unimolecular reaction dynamics that takes place over a multipte well p
tential energy surface.

Multi-well reactions take place when it is necessary to pass through several intermefbeges b
reaching the reaction bottleneck. A schematic example of a multiple well reaction is depicted in
Figure 17. In this €£heme, in fact, we can observe how molecule A undergoes a series of jumps up
and down the possible energy levels before converting into intermediate B* through transition state
TS1. This intermediate in turn can convert back into reactant A or transfayrannther isomer,

C*. Finally, C* can also interconvert into B* again or yield the product D, through TS3

—
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A
Figure 17. Scheme of a unimolecular multiple well reaction where reactant A needs to mterco
vert into complex B* and C*hrough transition states TS1 and TS2, before transforming into the

product D.
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To simulate this process we updated the MCRRKM code allowing for the excited molecule (A)
the possibility to react to a different energetic state or well (B*), that hasathitfeollisional trans
tional probabilities between the energy levels and RRKM reaction rates. Moreover, the new ene
getic state reached through the reaction will differ from the starting one for the reaction energy
change.

As we have described before, tmmputational procedure is designed so that reaction amd tra
sitional collisional properties for all the considered wells and transition states are calculated before
the ME integration cycle. Afterwards, during the ME simulation information about presidlits
sional or reacting steps as well as the time spent in each energy level are also stored with an eff
cient binary tree algorithrff.

This protocol yields a computational efficiency that is independent of the size, in terms of the
number of wells and transition statestltd PES and makes the present approach particularly apt to
study complex reacting systems, in which many wells can be visited from an excited coeiplex b
fore a reaction takes place.

It is important to highlight that we consider a hypothetical circumstan@gich all products
are removed from the system the instant they appear. This allows us to calculate the rate coefficient
assuming that the rate law can be expressed as:

(93
Qo
wheren; is the concetmation of the reactant. The rate coefficiéptfor each reaction channel is

KoX> (63)

then calculated through a linear regression over the stochastic reaction times.

In calculating the rate coefficient using this equation we make two important assumptions,
which ae the elimination of the backward reactions and the hypothesis that the contribution to the
rate coefficient from stabilized intermediate wells is not significant.

The rate coefficient determined through this appraaphesents a flux coefficient, i.det coé-
ficient thatmultiplied by the reactant concentration gives the number of molecules that per unit
time andvolume are converted to the reaction product. As clearly explained by Witloanseri
nal papempublished several decades atlpis coefficient is not equal to the phenomenological rate
coefficient, which is the rate coefficient accessible to experimental measurements. The difference
between phenomenological rateetficients and reaction fluxes is subtle and counterintuitive, as
reviewed recently by Miller and Klippenstéeittowever, it is likely that this difference may not be
too large formost ofthe case investigated in the present project. In fact, the products afethe
composition reactionsonsidered are usually present in very low concentrationsaiction eni
ronments in whichthese reactions are active due to fast secondary reactiamsetd)aso that the

irreversible sink assumptionmost probably holds. In additiothe stablization of intermediate
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wells is most of the times negligible, if othese it will be pointed out in the discussion of tlee r

sults.

3.3.4. Tunneling Effect

From a molecular point of view, a reaction consists of a conformational rearrangementtof the a
oms that can be interpreted, according to transition state theory, as a relaiiveaha part of the
molecule along a reaction coordinate. Moving along the reaction coordinate from the configuration
of the reactants to that of products there is an increase in the energy of the system. Them; if the fo
mation of the products leads ttakilization, the energy of the system decreases. It is thusacomp
rable to the motion of a particle along a potential energy surface in which the reacting event is co
textual to the crossing of an energy barrier.

In classical mechanics, a particle in matis able to overcome an energy barrier only if the sum
of its kinetic and potential energy is higher than the height of the barrier itself. In quanturmmecha
ics, the situation is different, since the same patrticle is able to overcome the barrielitevemai
gy is lower than the barrier. This phenomenon, which is purely quantum, is known as tunneling.

Various methods have been developed to account for the tunneling effect in reaction rate estim
tion. They can be classified in two categories dependinghe approach adopted to solve the
Schrédinger equation. The first class includes the early methods proposed in literature. They are
based on the solution of the 1D Schrddinger equation introducing a parabolic function ta-approx
mate the potential enerdyarrier. The quantum mechanical transmission coefficient through this
barrier is obtained with both approximat® and analytical solutiorf§.Another similar approach
has been formulated by Eckiftin detail, Eckart proposea new functional form to approximate
the shape of the potential energy barrier and its asymptotic propertiahly\ he also provided
the analytical solution of the associated Schrodinger equation, leading to the formulatioraef a rel
tively simple exprssion for the microcanonical transmission @ulity.

In the following decades, a new class of methods has been introduced in order to account for
tunneling in reacting systems with improved accuracy. It had in fact been shown that thee integr
tion of thelD Schrédinger equation over the standard transition state theory tunneling path, which
is the minimum energy path (MEP), leads to significant underestimation of the tunneling
coefficient. To explain this effect Marcus and Coltrin proposed for ther HH reaction an
alternative tunneling path, removed from the MEP by an orthogonal displacement equal to the
maximum vibrational amplitud®.Successively Truhlar and -weorkers extended the Marcus and
Coltrin path to a multiatomic system using the harnmosibrational frequencies of the Hessian
defined by the reaction path Hamiltonian proposed in a seminal paper by Miller, Handy, and
Adams®® The Truhlar theory was named Small Curvature TunnelingT)Sandit is currently

amongthe most effective approaesfor the calculation of accurate quantum tunneling effécts.
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In this work, we implemented two approaches to estimate tunneling correction coefficients that
will be described here: the Eckart model and SCT theory

Eckart M odel

The tunneling effect is a quantum mechanical phenomenon that can be evayusd#ihg the
Schrddinger equation for a particle moving in a-diteensional direction in the presence of an e
ergetic barrier V(x)
wherehi s P11 a n c kmiissthe mass & theanmovirgarticle,E is the energy anxlis the rea-
tion coordinateV(x) is the potential energy surface.

The tunneling effect takes place when the particle passthe barrierevenfor energy values
lower than the potential energy. The probability that sucavamt happens is calleéde transms-
sion probability.The functional form of the asymmetric potential proposed by Eckart is illustrated
in Figure 18 and expressed as

ohd  b—— 5—— wit.h AgB— (65)
p p a

whereA, B andl are parameters.

Figure 18. Example of Eckart Potential as a furarti ofthe reaction coordinate x.n evidence

are the forward activation energy;Bnd the backward activation energy.E

Eckart integrated Equation64 ) analytically using hyper geometric series. The wave function
determined is the sum of an incident and a reflected wawgidan The ratio of their amplitudes
gives the reflection probability, from which the transmission or tunneling probability camibe co
puted as
AT @QE| 1 AT @QE
Al @QE| 1 Al QES

CA
o

(66)
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Where

T T

o7 0 o 5 G Q
By 222y B2 O e — (67)
¢ O C o] ¢ O Y a
The parameter, B, andl can be computed applying three conditions to the Eckart potemtial e

ergy surface. The first one equals the asymptotic limit of the PES to the reaction emnkatigves
calculatingA as
6 0 © (68)
The secondondition equals the maximum on the PES to the forward activation energy and gives
B:
8 © © (69)
Finally, it is possible to determinémposing that the imaginary frequency is equal to the value

of the secondlerivative of the PES with respect to the reaction coordinate:

GO0 P
o ©O

. P
70
O o5 (70)

It is possible to notice that the only parameters necessary to apply the Eckart model for the est

mation d the transmission probability a®@ andO , that are the activation energy barriers for the

forward and backward reactions and i theal & imaginary frequency

Centrifugal-Dominant Small Curvature Tunneling Theory1 SCT

The Schrodinger egtion for a particle moving in a ofttmensional direction in the presence of

an energetic barrier V(>dan be expressed also in the form:

W o 0owe T (71)
with
6 o Cg—“‘o & 6 (72)

wherem is the mass of the particle in motion akdis the energy of the particle.

The Small Curvature Tunneling theory proposed by Truhlar and cowdtlstasts from the
semiclassical solution of the Schrodinger equation. Within dapjgroximation,the transngsion
probability has the forn¥*°

5o —b (73)
with
—0  Toewet @ae 000 (74)
where g(E) s the imaginary action integral, i.e. the imaginary part of the integral of the conjuga

ed momentumlt is possible to extend this result, valid for a particle in 1D motion, to the relative

motion of tworeacting molecules by substituting the mass of the patticlsith the reduced mass

44



Methods

of the reacting moietiegn and adopting as the direction of motion the reaction coordi®aiiéhe

imaginary action integral becomes:

—0 g ¢ ol 0Qi (75)

where sland s2are the turning points for which holdsi O. The potential energy that need

to be considered is the sum of the electronic energy at the ground state along the minimum energy

path,& , plus the zergooint energy of the reacting molecules along the reaction coordinate s:
o , . p .
Of o oo (76)

with ¢“’ as the frequency of thieth mode of vibration and the sum made over all the v
brational modes orthogonal to the reaction coordinate. &letails about the computation of the
@ and the fequencies along the reaction path will be discussed later.

Marcus and Coltriff were the first to suggetie possibility that when tunneling takes place the
reacting molecules do not move along the minimum energy path-¢inees orMEP) but along a
shorter path that t Fewe) Ttheylappked their method te the colipneap at h 0
H + H, reaction, which potential energy is depictedrigure 19.

-7
v

. /) /
Lo - /,/f// / 7 / /
: / v/,

; v/

L5

Figure 19. Plot of thepotential energy contours for the H +,i4 H, + H using the Portér
Karplus® surface taken from réf. Solid line is the reaction path. Dotted line is theutve. The
point P and P6 denote t he i surve foraalparteculadtotdl @ n a | t u

ergy. Thecor esponding points on the reaction path ar

In this figure in particular ar®Qrdpegentetheed t wc
MEP while the other one conne-cutve. ihgtuPvéispoad P i s
tioned onthe concave side of the MEP because it has been observedttiegpriesence of tunte
ing there is a negative centrifugal effect that allows the molecules to cut the corner of the reaction

path increasing the reaction velocity®
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To ease the comprehension of the metih@aglopportune to introduce a coordinate perpendicular
to the scurve, denoted by(s), as a measure of the distance from the tangent tedbeve and the
potential energy associated to the vibrational motion glongpresented by, (s ,) |}

Is(s.p) 4

pl " prs)

Prax(®)

Figure 20. Potential energy associated to the vibrational motitong} .

Marcus and Coltriff identified the tcurve defining its distance from the MEP as a function of

the reaction coordinat@his distance corresponds to the maximum vibrational amplitude at a given

S, lwax (9), that is reached whew (s ,) is pqual to the zero point energysaEy(s), as it is repe-

sented irFigure20i n corr espondenc e-cuvk showm eFig@dl9p oi nt on t he
V5(s,)) can be expissed as

Nt gbi . (77)

wherek(s) is the force constant associated to the vibrational motion, that can be written as

Qi ™ i (78)
Heres(s) is the vibrational frequenassociated to the motion in thalirection andu is the mass
correspondent to the moving moiefihe zerepoint energy correspondent to the same vibrational

motion is
0 i %’Q i (79)

The value of for which the condibnc i O i issatisfied is

Q 2
' 80
! e (80)

The family of pointsuax(S), S| describes the-turve.
Once the tturve is known, the imaginary action integral can be caledlover this path, thus

taking into account the contribution of the curvature while computing the transmission probability.
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The method described thus far is valid for systems where the curvature is small and is mainly co
fined to a single normal mode wabration orthogonal to the reaction coordinate

Truhlar and coworkef8generalized this method introducing the concept for which the curvature
of the MEP and the negative centrifugal effect associated can be tlodagha lowering of thefe
fective mass of the motion along thewve. In order to apply thisoncept they first formulated the
geometrical relationship between thewsve and the-turve as

Qad

y [ i Qi 81
Q, p i i o Qi (81)

wheres-is the distance along the tunneling pat(g) is the distance of thecurve from the MEP
(and corresponds to thgax(s) of Marcus and Coltrifi) anda(s) is the curvature of theaurve.
Defining the effective reduced mass as:

Qad
Qi

i p i »i (82)

it is possible to compute the imaginary action integral not over the tunneling padveb the mi-
imum energy path

o P
)

¢ i wi 00Qi (83)
With the intention of removing singularities and taking only those results for whick u
Truhlar group in the work of Skodje et Blexpresseg as:

Qa

Agbcli i i Qi a (84)

C i +dET
p

191 %! they improved tts method by adding the possibility that more than one

In addition, inLu et a
normal mode of vibratioman have an appreciable reaction path curvaithiey first defird the

curvatures as

I I (85)

with g (s) as the component of the reaction path curvature due tetthmode of vibration and

subsequently substitutiri¢s) with ofi defined as
o i T i o (86)

whereti(s) is the vibrational turning point of mode i. Remembering the definitionyef, that is
the equivalent of(s), we can expresiys) in the same wapy just wsing the frequency of theth

mode

(87)
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Introducingthis definition in equatioii 86) we can rewritéli as

T
hio ”

o : i o7 (88)

Furthermorewe can introduce the varialdei defined as follows
i di is (89)
Sofinally, we can write thely as:

A ooy e ,Qd
i Cq gjADD O o O (90)

At this point the only information necessary acr)e the potential energy sifae@), the fie-
quencies of the generalized normal mode of vibratigs) calculated along the retimn path and
the curvature components associated to each mode of vibegomhe computation of thesap
rameters will be the subject of the following sections

Generalized normal mode analyéisy ()

The first thing that is nessary to do once the IRC calculation has been carried out isrto co

pute the center of mass of the system and translate it to the d¥gioan calculate the center of
mass as

B a'y
s B (o1)
B a

with N the number of atoms of the system &d whoh the Cartesian coordinates of atom
andm the mass of atoiin. It is then straightforward to translate ti#e to the origin

P Y VY (92)
withie  @hohX as the coordinates in the new reference systesiconvenient at this point to
calculate the moments of inertia tensor

a o & a0 a4 am
o0 0 0 & 5
¢ o 0 o = LA a o A a 0§ = (93)
o, v, oy
0O 0 O
. a Ao 4@ wa a0 o
& 7 7 O

By diagonalization of this matrix, we obtain the principal moment of inertia as the eigenvalues and
a 3x3 matrix X) made up of the normalized eigenvectoirs.

Now we can calculate the frequencies of the generalized normakmioderation along thea-
action path. This was realized implementing the normal mode analysis proposed by Miller, Handy
and Adam® in their study on the reactigmath Hamiltonian. The Hessian, alsalled theforce

constant ratrix, is acquired from the IRC calculatiand contains the second partial derivatives of
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the potential V with respect to the displacements of atoms in @artesordinates (CART). It can
be written as:
T
"0 — 94
s (94)

This is a 3N x 3N matrix, with N the number of atoms, wisgres,, &y are the displacements
i n Cartesi an xt o@rz@pe nxa tyerszyod-instly, e neero convert the force
constant matrixo mass weighted Cartesian coordinates (MWL), a , :

T W "O
TN a a

(95)

For saddle points and minima pétential surfaceg& is common to carry out normal mode-fr
quency analysdsy diagonalizing the force constant matrix in mass weighted Cartesian coordinates
after having separated out external translations and rotations. However, to obtain the narmal coo
dinates for vibrations orthogonal to the reaction path it is necessary to also project out the motio
along the reaction coordinate

Miller, Handy and Adanf§ proposed to calculate the projected forcestamt matrix as follows:

Een A "Eeqnd E (96)
whereFywc is the matrix whose elements &igwc;, 1 is the identity matrix an@ is the proje-
tor matrix. The projectoP is a 3N x 3N matrix made uyf three terms, one for the traasbnsPr,
one for the rotationBg and one for the reaction coordin#te
0 Oy Op 0Oy (97)

The translational term can be written as

0f Op D 0f Dy 0f Dy (98)
where
. a
U p B & U p T U p Tt
d 0 99
LR T U i B & Lfp T (99)
N a
U Tt U p T U j B &
with | pfB M, T, corresponinhg to translation along theaxis, T, along they axis andT, along
thez axis.

The rotational term simarly can be written as
Gﬁ 0p D 0p Dy 0p Dy (100)
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where

0 n g7~ n 7 0 n 7 n 7 0 s N 7 n 7

bp N &7 1 7 0f n &7 n 7 0f n &7 n 7 (101)
0f n &7 n g’ 0f n &7 n gr bfg n EF n 7

with again pFB RY, R, corresponihg to rotation around theaxis,R, around they axis andr,
around thez axis andl as the inertia tensor preuisly calculated. The third and last tenwhich
correspondto the motion along the reaction coordinde

0f Op Dp (102)
with L;,. equal to the normalized energy gradient

R
05 (103)

whereCy is the normalization constant

) 0 (104)

andg; is the ith component of the energy gradient vector in mass weighted Cartesian coordinates
T

T

Once we have built the projector matrix we can compute the projected force constant matrix

(105)

&gy aand diagonalize it. Thusye have

E &gy aF (106)
obtaining hus the3N-7 generalized normal modes of vibration (normalized eigenvectors rhatrix
with the correspondingN-7 non-zero frequencies that can be extracted from the calculated eige
values, i.e. the elements of the diagonal matri¥n fact, if we calla-the eigenvalues, the freque

cies in § can be calculated as

= (107)
T

It is important to notice that using the Hessians and gradients taken from the output ofia Gauss
an calculation it is necessary to uke tippropriate conversion factors to convert atomic units in Sl
units. The procdure that goes from equati¢®1) to equation( 107) needs to be repeated for each
point calculated along the minimum egg path It is important to storeot justthe calculated va
ues of’ as a function of, but also the calculated normalized eigenvectors mhtifigr eachs
point, beause thewill be necessary for theomputation of theurvature vectoof the reaction

path as we will see in the next section
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Reaction path curyare vectoii I i

The other information that we need is the reaction path curvature vease@ibmentssy;, were

defined by Miller et af® as

I Oag Dy wi t fléi,3N-7 (108)

wherelL,; are the components of the eigenvector matriXhis formulation howeverwas foundo
be problematic as it was necessary to evaluate the first derivative with resiheatetction coo
dinates of theL matrix. In fact, alteration of the sequence of the eigenvectors within the matrix led
to errors in the computation of this term.

Due to the orthogonality property of the coupling matrix (see Miller & ab 2.19) the cum+

ture vector can also be writtert as
I Dag Dy wi t=h,éi 3N-7 (109)

In this way it is not necessary to compute the derivative of the L matrix but ohly. @k. the
normalized gradient vector in mass weighted Cartesiardouates.

However,this formulationalso presentd some problems. In particularear the saddle point,
where the gradient is almost zero, difficulties arise for the numeric evaluation of its derivative. For
this reason the expression of Page and M&ler the curvature vector was finally employed (see
Page and Miver” eq. (48))whichcan be written as

5 5 ’ i (110)
where all the elements present are the sasrthosdhat were previously declared.

It is interesting to notice that within this formulation no derivativesdrnteebe employed, thus
reducing the possibility of introducing numerical errors. Moregpasrit is suggested by the same
Page and Mclvét, in the proximity of the saddle point a more reliable expression for the reaction

path curvature components was used (see Page and Melyef49)) defined here as

0
I Oy 90—1 B (111)
where
Oy, 0y 10 B (112)
with
. . . ¢Q O i Ko RNo)
yg "EA Y a anﬁ O 0 0 (113)

andf, defined as
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. Qo
Q F o (114)
While U is defined as
Q0 . o 0 Q
Th o | S (115)
with
. Q-
aQ F OO I (116)

and’Q0O s the first derivative of the mass weighted force constant matrix with respect & the r

action coordinats.

Tunneling Correction within MCRRKM

The main result of the previous models is the possibility for calculating the transition dr tunne
ing probability as a function of enerdy(E). This probability either can be used to calculatena tu
neling coefficient tacorrect the canonical TST rate coefficient, or can eventually be included in the
computation of the microcanonical RRKM rate coefficient.

In the first case, the tunneling coefficieqt,, is defined as the ratio between quantum arst cla
sical fluxes acrss the energy barrier as follows:

0 0A@B— QO

f Yo Agp— QO (117)

With this parameter it is thus possible to correct the transition state theory rate cdedficfan

lows:
QY R Y Q—Q“S—Qw r?rQ—OY (118)

It is possible to also include the tunneling effect in the computation of the microcanonical k(E,J)
rate constant. In the MCRRKM cedin particular, the RRKM rate coefficient in absence of tinne
ing is evaluated as:

oo . " O Ohao

- Q 0 Oh) Q 0 Ooh
where} (E,J) is the density of states, ks the activation energy, the energy is measured from the

QO (119)

first non zero term ok(E,J).
To include tunneling effect&(E,J) should be rigorously calculated as:

0G " 0 Ghoo
oo - 120
QO 00 (120)

Here the energy of the well and the first non zero terk{f) coincide. The direct impleme

tation of equatiorf 120) in the code is simple, but computatidgaxpensive, as it requires tol-ca
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culate P(E) for each energy E of thgE,J) vector, for each J value. A large containment of the
computational cost can be obtained by observingR{ttis significantly larger than 0 and smaller
than 1 only for a redtited interval of the energy vector, centered gnTie calculation ok(E,J)

can then be simplified by including the tunneling contribution only for an energy integyalThe

microcanonical rate constant can then be computed as:

. 0d” O Thod " 0
Qo Q 0O 0O O 0 0 O

8

(121)

(ofsV!
o
for E> B + Egeta

and as:

Qo — . — (122)

for0 <E< EO + Edelta
In equationg 121) and( 122), the energy is measured with respect to ttst fion zero term of
E, as in equatiof119), which is assumed to be at an energy.below the energy barrierEThe

calaulation of tunneling effects can be made as accurate as desired increasing the energy interval

Edelta

3.3.5. Bimolecular Reactions

In the present work the integration protocol previously adopted to investigate the unimolecular
dynamics on a mukivell PES has len extended to also treat bimolecular reactions.

For this purpose we first computeet microcanonical rate constagifE) for a hypothetical -
trance channel (A + Biving the AB adductjhrough microscopic reversibility from the adduet d
composition reetion ky{E) as:

e 00"YO ©
Q 0 0 03— (123)

v 3B . 00 "YO O O00"YOT

where Q™ is the tranfational partition functions of adducts and reacta@ts.”y O 'O is
the 1 cn spaced rovibrational density of states of the adduct, and it is divided by thelutedv
density of states of the two reactants. The en&rgy kyedE) is measured from its first non zero
term (i.e. at the PES saddle poit),is the activation energy of the reactionccedied with respect
to AB, andE.,is the reaction energy change. Afterwattie, master equation calculation is started
from the entrane well AB at an energif determined by stochastically sampling the microcanon
cal reaction rates calculated assuming a Boltzmann population of the reactants. The probability
P(E) to enter the simulations at an energy level E was calculated as:

M OB O0'YO TOHYO Ao ——

00 - (124)
B 0 OB. 06"YO O O00YO R ——
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The entrance energy level was determined using a rejection free algorithm, according to which
the reaction probabilities are stored in a veBtgs This vector idiscretizedas the energy bin size
so that each componeintorresponds to the energy ledekE iDEy,. Each termP,{i) is equal to
the sum of all the probabilitie(E’) for E<E .

The entrance energy level is then selected choosing a random ryaneiscannig the prol-
bility vector until avaluej for which hold Pay{j) > t; andPoy{j+1) <t; is found The random
trance energy is thda = jDEy,.

In the course of this project, the present approach has been applied to both tight and ladose trans
tion state eactions. However, it is known that for loose transition state reactions it can introduce a
significant error in the estimation of bimolecular rate coefficients. An effective way to treat these
classes of reaction is the variable reaction coordinate transtate theory that will be the subject
of the next sectian

3.3.6. Variable Reaction Coordinate Transition State Theoryi VRC-TST

The variable reaction coordinate TST approach find its basis in the main concept of variational
transition state theory (VTSTR which the transition state dividing surface is obtained by ntinim
zation of the predicted TST reactive flux. The central focus of VTST is the estimation of this rea
tive flux through an arbitrary dividing surface that separates reactants from the préidscira-
portant to notice that the reactive flux at eneggnd total angular momentudris commonly -
terpreted as the number of states available with energy les& thiath the specified angularom
mentumJ, N(E,J), while, traditionally, the dividingwgface is defined in terms of a single paeam
ter, that is the reaction coordinateThe minimization of the reactive flux is thus performed with
respect to the reaction coordinate

For barrierless reactions, however, it is difficult to obtain quantétiaccurate estimations of
the reactive flux with the standard VTST approach. The reasons are the following: (1) the value
and the form of the reaction coordinate for the optimal dividing surface varies greatly with E and/or
J; (2) the relative motiond the two fragments can be of large amplitude.

The variable reaction coordinate implementation of V¥&f considers in the optimization of
the reactive flux, not only the value of the reaction coordinate but also how the reactianateord
is defined. Within this scheme, the dividing surfaces are defined in terms of the distance between
individud pivot points located on each of the two reacting fragments. The variational optimization,
therefore, is performed with respect to both the distance between the pivot points and their location.
This scheme allows the reaction coordinate to vary fromagh@atopriate at large separations to that
appropriate at small separations of the reacting fragments.

A separation of the modes into conserved and transitional modes is a key simplifying-assum
tion within the VRGTST approach? The conserved modes correspond to the internal vibrational
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modes of the two reacting system. The contribution of these vibrational modes does not change
significantly during the reacting process and as such they can be left out of the definition of the va
iational dividing surface. In contrast, the remaining titéorsal modes include the rotations of both
fragments as well as their relative translational motion, which change from free rotation and tran
lation at infinite separations of the fragments into vibrational motion and overall rotation upon the
formation d the bond between the fragments.

With the assumption of separability of the transitional and conserved modes, the ovabait nu

of states can be expressed%s:
O o " 0 00 OhQe (125)

where” 'O is the densityf states of the conserved modes &nd ‘Oh) is the number of states
of the transitional modes. The density of states of the internal vibrational modes can be computed
by direct counting of the quantum states. The number of states of the tremsitiodes, on the
other hand, can be computed using the classical phase space integral formalism, due toehe low fr
guency nature by which they are characterized.

The number of states of the transitional modes can thus be writtén as:

6 o ¢ QIQT] i1 i 7 OIA  O7 0lh  vigi (126)
whereq andp are vectors containing generalized coordinates and corresponding conjugate mome
ta andUis the number degrees of freedom for the tramslionodes’O'l Al is the Hamiltonian

function of the system) 1 fil is the total angular momenturijs the delta fudtion andU is the

Heaviside step function for which:
. ph i m
9! mh | T
and the dodenotes the time derivativiek Q ifQ o0

(127)

The evaluation of such phase space integrals can be computationally very expensive and in the
course of the last decades, various studies have derived efficient means to evaluft8H&m.
However, for a more effective implementation of the VRET approach Klippenstein and
coworkers have derived a more efficient method for evaluating the traakitimde contribution
to the number of states by analytical integration over the generalized mdfnenta.

Within this scheme, the number of states corresponding to the transitional modes is expressed as:

6 o & owfl O (128)
where® O denotes the averaging over all possible orientations of the fragments andttiresve
connecting the pivot points. The quantity ‘ORI can be viewed as a number of states for a
specific configuratiorg that can be evaluated straightforwardly using the expressiamed by

analytical integration in equation (2.39) of referebde
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To perform the averaging a simple Monte Carlo sampling method can be used:

6 o D 6 ORI, (129)

whereM is the number of samplings.

The VRGTST formalism has been further extended to treat reactions where there are multiple
binding sites, or for those cases whenHertflexibility in the description of the dividing dace is
desirable. This generalization simply foresees the possibility to include multi pivot points for each
reacting fragment. The result is a properly variational multifaceted dividing surface @pproa
which allows the incorporation and optimization of different dividing surfaces shapes for each
binding site>®

As a simple example of multiple binding sites, Georgievskii and Klippenstein considered the r
action of methyl radical with a hydrogen atom: {HH A CH,. This reaction can proceed in two

ways depending on which side of the {#ane the fidrogen approaches as showirigure 21.

Figure 21. Cartoon of the two ways the hydrogen atom can attack the methyl radical in the CH

+ H reaction

Two pivot points can be positioned on each side of taeegpformed by the CHragment. In
this way, we create two spheres: one sphere centered on the pivot point of one side and the other
centered on an equivalent pivot point on the other side. The two spheres intersect opplaa€H
Thus, the dividing sdace used for the optimization can be viewed as a composite of the rtwo su
faces, consisting of the outer surface of the union of the two spheres, as illustFatgotar22.

In the flux calculation, one integrates only over that pareach facet of the dividing surface,
which is on the side corresponding to its pivot point. This procedure is translated into aanodific
tion of equatior( 128) as follows,

0 o a@ ol O (130)
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where F is the fraction of the dividing surface that is exposed to the flux. Within the Monte Carlo

samplingF can be written as
(131)

Figure 22. Composite dividing surface for the €HH reaction.
The use of additional pivot points within this scheme makes the dividing surface more flexible

and increases the accuracy of the VTST rate coefficient estimation. This improveowever,
come at the cost of increased computational cost, because the flux must be evaluated for each d

viding surface.
The present implementation of the VRGT approach has been applied in the course of this

project in collaboration with Dr Stephen Jigfenstein to study the kinetics of a particular set of

chemical reactions that will be tsebject of Chapter.8
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4 Germane and Germylene
Decomposition knetics

Figure 23. Germane and germylene decomposition kineticsewstudied with stochastic
RRKM/master equation simulations basedbrinitio reaction parameters

4.1. Introduction

Germane is among the most adopted gases for the chemical vapor deposition (CVD)ef germ
nium or silicon/germanium thin films used in the mawctdang of semiconductor devices, such as
diodes or transistors. The optimization of the Si/Ge growth processes can be facilitated hy an acc
rate knowledge of germane thermochemistry and kin®ficEhis has motivated considerable- r
search in this field, so that several studies on the molecular properties of gerchésedanomp-
sition products can be found in the literattfeé2®

Thermochemistry was among the first germane properties to be investigated. The heat of fo
mation of GeH was experimentally determined for the first time through bomb calorimetris-mea
urement in 1961 by Gunn and Gré€i§90.4+ 2 kJ mol* at 298 K). Successively, Ruscic et4l.
estimated heats of formation andi®Gebond eergies of Gel GeH;, GeH and GeH through ph
toionization mass spectrometry. The GigH bond energy determined at 0 K was 348.8.4 kJ
mol™, thus in good agreement with the value determined by Reed and Brali3a8.1+ 15.5 kJ
mol™* at 0 K), who derived the bond energy by measuring the,@abphase acidity. Also Noble

and Walsh!®investigating the iodination of germane, determined a similar value for the t®nd di
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sociation energy of the first hydyen atom of GelH(345.4+ 8.4 kJ mof at 0 K). According to
Berkowitz et al}?® who reviewed the field, the bond energy determined by photoionization mass
spectrometry is the most accurate. Almost no experimental data are available for the other GeH
hydrides, with the exception of the bond energy of 276.3 kdlnustermined by Ruscic et ‘&,
for the GeH H bond.

The GeH thermochemical data determined through experiments were confirmed by early the
retical studies performedsing several high levelb initio theories, ranging from MP2 to thg-h
brid G1 and G2 computational schem¥®$!"*?° Recently, Duchowicz and Cobidddetermined the
enthalpies of formation of germaaen d o f i chlore defivatives at the G3//B3LYP level. In
the same work bond dissociation energies and barrier heights were estimated for the lowest dissoc
ations pathways at 0 K. Wang and Zh&hipvestigated the homolytic dissociation of germane and
of i tishlop deivatives at the same level of theory. Ricca and Bauschtitt@npued the
heats of formaon for the GeHn and G, species using coupled cluster theory including single
double and a perturbative estimation of triple excitations (CCSD(T)) with extrapolation to the
complete basis set limit (CBS) introducing corrections for spin orbital, themthbkcalar relati
istic efects. Also Koizumi et dft® evaluated the heat of formation of germane at the CCSD{T) le
el of theory at the complete basis set limit, with explicit calculatiorelativistic dfects,core \a-
lence correlation, spin orbitaffect and zergoint energy. Finally, Chambreau and Zh#figle-
termined the energies of the thermal decomposition reactions of germane at the G3 level of theory
with geometries and zeqmint energies detaiined at the QCISD/epVTZ level. These studies
showed that energy and structures of GeHx molecules can be calculated at a quantitative level of
accuracy if molecular structures are determined at least at the density functional theory (DFT) level
and if erergies are computed adopting a high level theory, such as coupled cluster or configuration
interaction, and large basis sets. The calculated,iG€Hond dissociation energies are compared
to those determined in the present work in the Results and distessiion.

While germane thermodynamics is well established, only a few experimental and theoretical
works are available in the literature on its decomposition kinEi¢¥. These studies revealed that
the germane decomposition mechanism is similar to that of silane for many aspects. Its enain rea
tion step is the dissociation to Geéhd H, which mimics the Sikldissociation reaction to SiH
and H. Furthermoe, both reactions proceed through a well defined tight transition state. In the
present investigation we also considered as competitor channel the simple dissociatiop tof GeH
GeH; and H, in analogy with our recent study on Sildcomposition kinetic&

Thus, the decompsition of GeH can be described as a combination of two processes:

GeH,© GeH;, +H (R2)

GeH, © GeH, + H, (R2)
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Reaction (R2) was yrst proposed as the ger man
This conclusion was based on an experimental investigation of, @Germal decompsition
through a single pulse shock tube operating at 5.3 bar in thd @50 K temperature range. Su
cessively Newman et al. analyzed the overall reaction stoichiometry and found it to be:

GeH, A Ge +2H

Thus, it was reasonably hypothesized that readii®?) is followed by Gekl decomposition
through one of (or both) the following reactions:

GeH,© GeH +H (R3)
GeH,© Ge+ H, (R4)

The analysis of the experimental results leads to the conclusion that the decomposition of GeH
is about 9 times faster than that of GeYotintsev et at*? studied the kinetics of germane deto
position, conducing? shock tube experiments and detecting the formation of Ge atoms through
atomic absorption spectrometry at 1.5 bar in the 10800 K temperature rang&he possibility to
measure the formation of atomic germanium allowed the authors to further assess the reaction
mechanism. It was thus confirmed that reactions (R2) and (R4) are the most important steps and
that reaction (R2) is the ratketermining stepf the overall decomposition process. More recently
Smirnov* expanded the results of his previous study carrying out experiments at similar pressures
and temperatures measuring chemiluminescence kinetics during germane dissociation behind shock
wavesThi s work conyrmed the r &*%Arhte expression fariremed by
tion (R4) was also proposed for the yrst ti me.

From a theoretical standpoint, only one work cardatiby Simka et af° investigated directly
the decomposition kinetics of germane. Calculations were performed at the MP2 level to determine
molealar structures and thermochemical data, while kinetic constants were calculated with classic
transition state theory. Pressufgeds were determined using RRKM theory as implemented in the
Unimol suite of program¥’

Neither experimental nor theoretical kinetic data could be found fotioaagR1) and (R3),
which are thus investigated for the first time in the present study.

In this framework, we decided to study germane thermal decomposition in order to improve our
understanding of this important process. In particular, we calculatddrtsigc constants for the
decomposition of Gelthrough reactions (R1) and (R2) and for Geldcomposition through rea
tions (R3) and (R4) adopting a combined RRKM/master equation approach using data determined
throughab initio calculations. The resultsf the calculations were then validated through compar
son with literature experimental data. The chapter is organized in two sections. In the Mathods se
tion are reported the details abailt initio theories used to perform the calculations and the kineti

theory level adopted to compute the rate constants. Then, in the Results and discussion section, we
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report yr s abintihaad higlepeesslirg kinetio donstants calculations and successively
the results of the master equation investigatioth@iGeH and GeH decomposition kinetics

4.2. Methodology

The chemical reactivity of Getand GeH was investigated adopting potential energy surfaces
(PES) determined througib initio calculations. Structures of reactants, transition states aod rea
tion products were calculated both using density functional theory (DFT) with B3LYP
functionald”'® and the augmented correlation consistent-@ugVTZ basis séf® and at the
CASPTZ2%*!%|evel with the cepVTZ basis set. Vibrational frequencies of relevant wells and tra
sition states were determined at the B3LYP/ac@VTZ level of theory without adopting cooe
tion factors. Energies weralculated at the CCSD(¥)level using the augc-pVTZ and auecc
pVQZ bass sets for wells and transition states émé&étn e xt r apol ated t & t he i ny
ing the scheme suggested by Martirt%s:

O ©Oa o7 & p (132)

in which |5 is the basis set maximum angular momentum quantum number (4 and 3 for-the aug
ccpVQZ and auecc-pVTZ basis sets, respectively) aBda proportionality constant that rcde
calculated solving equatiqn132) for the twol,..xv @l ues on which the inynite
is performed.

All energies were corrected with zero point energies (ZPE) calculated at the B3LXE/avig
level. The oveall expression adopted to calculate the energy was thus:

Olb ©OCCSDjauge VQZ
™ wd@CCSDjauvge VQZ (133)
OCCSDjauvge VTZ ZPB3LYRugp VTZ

The analysis of the PES of the reactions of decompnosif GeH, and GeH to GeH; and GeH
showed that they do not have a chemical barrier, and thus a transition state. The kinetic constants of
these reactions were thus determined using the microvariational form of transition state theory on a
PES determinecdopting anab initio theory with multireference character, which can account
more properly for the contribution of virtual orbitals to the molecular wave function than a single
reference approach, such as DFT or CCSD(T). Thus intermediate structuresiaiesevere da
culated as a function of the reaction coordinate at the CASPT2 level usingpa€Zcbasis set
including in the active space all the valence electrons. Frequencies were computed at the same level
of theory. CASPT2 energies were thersaaled to fit the overall binding energy determined at the
CCSD(T) level, which was found in this and previous studies to predict bond energies that are in

good agreement with those experimentally meastifetill DFT calculations were carried out
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adopting the Gasian 03 computational suitavhile CASPT2 and CCSD(T) calculations were
performed adopting the Molpro 2008.1 computational Suite.

RRKM microcanonical rate constants k(E,J) were computed from the convoluted rotational and
vibrational density of states as a function of energy E and angular momentum J. All the vibrational
and external rotational degrees of freedom were considered in the calculation of k(E,J) for reactions
with a chemical barrier. This is based on the hypothesis that the intramolecular ratational
vibrational energy transfer is fast. The higtessure rate ctfecients werecalculated both integta
ing k(E,J) over the Boltzmann population and from the classic TST expression, as they give the
same result. The approach adopted to determine k(E,J) for the reactions proceeding without passing
from a chemical barries the E,J model proposed by Miller et &l.

The density of states related to the transitional {6HHnd GeHH bending motions were trea
ed in the harmonic oscillator approximation using the vibrational frequencies calculated at the
CASPT2 level. A similar approach applied to the study ofddgmomposition of Clito CH; and H
led to a good fit of experimental data. Despite this, the harmonic approximation is probablly unrea
istic for this class of reactions and we plan in the near future to update our computational approach
by implementing a hitkered rotor approximation.

However, as will be discussed later on, the present calculations predict that decompositions to
GeH; and GeH have a minor impact on the overall decomposition kinetics and therefore the unce
tainty associated to the above assuompis likely to have a small influence on the overall rate co
stants calculated in the present work.

The transition state for reaction (R4) corresponds to the Minimum Energy Crossing Point
(MECP) of the singlet and triplet PES of Ge#hd is therefore fonally spin forbidden. The st
gleti triplet transition of Geklhas been the subject of several theoretical studies in the literature and
it is expected to proceed rapidly because of the largé it coupling letween the two states’

As discussed in the previous chapter, the probability of intersystemingragas included in our

microcanonical calculation by evaluating the k(E,J) microcanonical rate as:

. " OoR O O 0 QO
QO

OO (134)

wherey is the density of states, J the angular momentum, E the rovibrational energy,.ahd

I73,74

probability of intersystem hopping, which was calculated from Laindane theory as the

probability of hopping in a double pass through the MECP as:

n O p 0 p 0 (135)
in which the Landaiizener transition probability was calculated as:

. ¢*O -

; | I — —— 1

6 0 Aob- oo ) (136)
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whereHso is the df-diagonal spinorbit cowpling elemenbf the 44 Hamiltonian matrix between
the singlet and triplet statgf is the relative slope of the triplet and singlet PES at the MEGP,
the reduced mass of the reacting moieties Eisdhe system kinetic energy. The dpirbit matri
elementHso was calculated adopting siprbit singlet and triplet wave functions determined using
multireference configuration interaction (MRER° theory incliding all valence electrons in the
active space adopting the-p¥TZ basis set?’ The forces at the MECP were calculated at the
B3LYP/augcc-pviz level.

Master equation (ME) calculations were performed adopting the 1D mgsegiaen formulation
proposed by Miller et al’ which was derived by-dveraging the E,J 2D master equation and is
implemented in our computational code as described in detail in Chapter 3

4.3. Results and Discussion

The results are presented in two sections. In the first we report and discabsrh® simula-
tions and the calculation of higiressure rate constants adopting classic transition state theory and
microvariational desolved transition state theory, while in the second we report the results of the
investigation of the pressure deplence of the decomposition rate constant for the two systems
considered

4.3.1. Abinitio Calculations and Evaluation of High-pressureRate Constants

Energies, vibrational frequencies, structural and reaction parameters of reactants and transitions
states for ®@H,;, GeH,, and reactions (R2) and (R4) are summarizekhinle 1.

The energy change and activation energies of reaction (R2) have been determined experimenta
ly and theoretically by several authors and were thus used to discussetheflaccuracy of the
present calculations.

Experimentally it was found that the reaction enthalpy should be higher than 147 kdnua
most probable value of 163.3 kJ Malas proposedhough the uncertainty was great (41.9 kJ mol
Y. Enthalpy chages determined through first principle calculations arepeised between 150.7
and 171.7 kcal mdl The most accurate theoretical value is most likely the 157.4 kJenthalpy
change determined by Ricca and Bauschli¢chewrhich includes relativistic angsi orbit corre-
tions as well as extension to the infinite basis set. The enthalpy change calculated in the present
study, 164.5 kJ md| is thus in reasonable agreement with both therétieal best estimate and
the available experimental data. Alsoe ttalculated activation energy of reaction (R2) (217.7 kJ
mol™?) is in good agreement with that experimentally evaluated by VotintseVé{(218.1 13 kJ
mol ™) and Newman et af° (209.3 227.3 kJ mol), while it is slightly larger than that determined
by Smirnov*! (208.1 kJ mol) and in good agreement with that computed by Simka ¥t al.
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through MP2 calculations (224.8 kJ iplThe inverse process, the direct insertion pfrHGeH,
was studied by Becerra et'4t*? The energy barrier calculated at the QCISB16 +G(3df,2pd)
level is 57.8 kJ mdl, thus in good agreement with th8.3 kJ mof determined in the present
study.

Few experimental studies are available in the literature on the d&edmposition thermoche
istry. Ruscic et al*® determined experimentally the Ggheat of formation, through which de-
composition reaction energy of 110.5 kJ fhaias determined using the heat of formation ofrato

ic germanium experimentally evaluated by Glushko &tal.

Table 1. Energetic, structural and reaction parameters adopted to determine thepréghure
rate constant of reaction 2. H1 and H2 are the reacting hydrogen atoms. Energies are reported in
Hartrees, vibational frequencies in ¢ and rotational constants in GHz. Activation energies are
corrected with ZPE. Geometry parameters are evaluated at B3LYRpITZ. In parenthesis
are displayed geometry parameters evaluated at CASPT2pYTZ and the eneigs calculated
with these parameters.

GeH, TS1 GeH, TS2

E(B3LYP/augcc-pVTZ) -2079.448136  -2079.399178  -2078.221807 -2078.166323
-2077.891355  -2077.804709 -2076.649686 -2076.585637
E(CCSD(T)/cepVT2) (-2077.891437) (-2077.804722) (-2076.649695) (-2076.886851)
-2077.901066  -2077.814192  -2076.656941 -2076.592733
E(CCSD(T)/cepVQ2) (-2077.901128) (-2077.814154) (-2076.656949) (-2076.593820)

ZPE(B3LYP/augcc-pVTZ) 0.029318 0.025137 0.010716 0.00738
-2077.878486  -2077.795635 -2076.651259 -2076.586494
E(CCSD(T)/CBS) (-2077.878533) (-2077.795558) (-2076.651261) (-2076.591274)
Eact (B3LYP/augcc-pVTZ) - 117.65 kJ/mol - 136.91 kJ/mol
Eact (CCSD(T)/CBS) 217.67 kJ/mol 160.21 kJ/mol

Distance GeH1
Distance GeH2
DistanceH1-H2

Angle H1-Ge-H2
Vibrational Frequencies (¢
1

0 ~NOoO Ok WN

9
Rotational Constant (GHz) I11
Rotational Constant (GHz) 12
Rotational Constant (GHz) 13
Rotational symmetry number
Symmetry Group

(217.98 kJ/mol)
1.534 (1.543) A 1.568 (1.58) A
1.534 (1.543) A 1.722 (1.756) A
2.505 (2.520) A 1.249 (1.225) A
109.47 (109.47) 44.34 (42.65)

824.82 -1248.84
824.82 649.39
824.82 713.38
925.83 881.55
925.83 943.05
2130.21 1556.01
2137.61 2056.75
213761 2104.99
2137.61 2128.82
79.89 92.95
79.89 73.46
79.89 63.98
12 1
T C

(157.59 kJ/mol)

1.597 (1.599) A 1.747 (1.793) A
1.597 (1.599) A 1.748 (1.793) A
2.276 (2.298) A 0.991 (1.107) A
90.87 (91.87)  32.94 (35.941)

935.2888 -1449.6667
1880.6462 1486.9354
1888.0151 1752.3038
205.02346 1021.03578
193.5894 91.65519
99.57123 84.10531
2 1
Cov Cs
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Table 2. Activation energies and 0 K emtlpy changes for thdecomposition of GefHto GeH

and H. Theoretical data corrected with ZPE. Energies expressed in kJ/mol.

o H (0 K) Ea Method Reference
164.5 217.7 CCSD(T)/CBS //CASPT2/augc-pVTZ This work
l633: 2003 Gewde?e'Eﬁl,enﬁﬁiyiijﬁﬁiéiiiecm Newman et
>147.0 Photoionization mass spectrometry Ruscic et af?°
218.1+13 Ge atoms detgcr:]t(i)gr‘: lgt;/baetomic absorptit chll?gev ®
208.1 Chemielw?lihnoecskcteunbcz detection Smirnov et al*
171.7 224.8 MP2/BC(1d,1f) Simka et af?®
150.7 G3//QCISD/cepVTZ Ch;”}f%rea“ et
153.1 G3//B3LYP/631G(2df,p Wané et al?®
152.8 208.1 G3//B3LYP/631G(2df,p) DUz et
165.8 MP4/962(d,p)//HF/641(d) Binning et al**®
157.4 chi)ﬂ)lg?zsd/{g?)_ YP/6 Ricca et af™®
165 218 QCISD(T)/6:311G++(3df,2pd)/ Becerra et gl

QCISD/6311G(d,])

Several theoretical studies were dedicated to the thermochemical investigatitms of

reaction'?"110116119123 |5 yarticula Ricca and Bauschlichié® calculated an energy change of 123.9
kJ mol*, while Chambreau and zZhatfand Wang and zZhaffg bath determined a 117.2 kJ riol
energy change. More recentuchowicz and Cobosomputed the heats of formationgdgrmane

derivatives with the alternative approach of ismdesmic reaction scheme, through which they d

termined areaction energy of 131 mol®. The enthalpy change heralculated (133.5 kJ mid)

is in good agreement with thegund by Duchowicz and Cobolsut overestimates by aboi® kJ

mol™* the one determined by Ricca and Bauschliclibe GeH bond dissociation energy was-d

termired experimentally through photoionization mass spectrometry by Reisaic'?’ who re-

ported an upper bound of 288.5 kJ thahd amost probable value of 276.3 kJ moThis energy

is slightly smaller than that calculated throughr st

literature;

107109110123

principle calculatior

which all fall all ina range comprised between 282.6 to 289.7 kJ'niie

bond dissociation energy computed in the present @9%.8 kJ mol) is thus in good agreement

with the theoreticaéstimates and near the uppeund of the energy determinegperimentally.

On the basis of the discussion reported above, we conttiatia reasonable uncertainty level of

the energies computenh the Geldand GeH PES is about 7 and J mol*, respectively.
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The transition state for the reaction of decompositioGef, to GeH and H was determined
both at the B3LYP/augc-pvtz and CASTP2/cpvtz levels. It was interestingo y nd d-hat
ometries determined at the two levelstioéay are extremely similar, as theyadir by less than
0.03A and that the computed activation energies apedntice undistinguishable.

As there are many similaritidsetween germane and silane, it is interesting to companeathe
rameters determined fthhe GeH decomposition reactiowith those calculated for SiHn apreu-

ous study?® The transition state structures of the two reactionstawe/n inFigure 24.

%O
420
%5 5 1.568

1.525

a) b)

Figure 24. Transition $ate structures for thelecomposition fo(a) SiH, and (b) GeH to SiH
and GeH determined at the B3LYP/awg-pVTZ level. Distances in Angstrom and anglesen d

grees.

As it can be observed, at asfi sight theyappear to be qualitatively similar: both structuhave
no rotational symmetry;he two SiH and Gé&H bonds involvedn the reactions dier only by
about 0.120.15 A the twoSiH and GeH bonds not participating in the reactiorpasitioned in a
plane perpendicular to that formed by tither two bonds; theHH distance in the GeHransition
state is only 0.8 larger than that calculatdfor SiH,.

Despite the similarities, the two system#eli substantiallfrom an ewergetic standpoint. First,
theacti vati on energy calculated at the CCSD(T)
238.6 kJ mot for SiH, and 217.7 kJ mdlfor GeH, and thus does not scale with tedculated
bond dissociation energy, which is 234.5 kJ hfol SiH, and 164.5 for GelH0 K bond dissoi-
tion energycorrected with zero point energy). The relatively haghivation energy for the GgH
reaction,which is only 21 kJ mdl smaller than that determéd for SiH despite a reactioanergy
change about 71.2 kJ rfosmaller, is unlikely to beletermined by the energy required to distort
the reactindiydrogen atoms from theminimum energy position, @ke Hi H distance in Sigand
GeH,, 2.421A and 2.505 Aare very similar, as well as the associated bending vibrafieugle-

cies, which are 918 and 824 dmnrespectively. Amore reasonable explanation is that the fo
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mation of thehydrogen molecule ipartially hindered in GelHby a repulsivanteraction letween
the electonic density of the Ge atom amight of the forming K molecule, which is likely to be
largerthan that experienced by SiHs the Geldelectronic densitys considerably more ffuse

The presence of a sigraéintbarrier to the recombination of;rnd GeH is likely to favorthe
formation of this reactive species in atmospheres in wihiethydrogen concentration is relatively
high and will hindetthe attainment of chemicabuilibium between Gelj GeH and H in a re&-
tive gas phase, since even a small activagioergy will decrease exportadly the reaction rate of
the GeH, and H recombination process.

The transition state for the decomposition of GeHGe and Hwas determiad on the singlet
PES using an unrestricted B3LYP formalism and a broken symmetry guess wavefunction.
Diaerently from what was found for GeHhe transition state has,&ymmetry and the spin ge
taminationd %6iof the converged wave function is 0.56,¢hui ndi cati ng a signi ycan
character. A saddle point search performed on the, B&3$ at the CASTP2/quvtz level showed
that no transition state leading to the direct dissociation of,@eBe and klcould be located both
on the singlet'@;) and triplet {B,) PES, though a transition state with a structure similar to that
found using the unrestricted DFT approach, whose structurahetmes are reported ihable 1,
was determined for the singf®, excited state. SCenergies initate that both transition states are
located in proximity of the conical intersection of the triplet and singlet PES, which implies that the
progress of the reaction requires intersystem crossing between the singlet and triplet states. The
hopping probability was determined as described in the Method section using LZedauthe-
ry. The spiiiorbit matrix element HSO calculated at the MECP is 282, dhus in good agee
ment with the 310 cthdetermined by Matsunags al**’ for GeH, using a relativistic potentiahe
ergy surface and an effective core potential basis set. The difference between the forces acting on
the two states, calculated at the B3LYP/faogvtz level, is 115.6 kJ mdlA™. Given the high spin
coupling value, it is reasonable to expect that the hopping probability is fast and that it willl not a
fect considerably the system reactivity. This is indirectly confirmed by the good agreement found
betwea the calculated and experimental activation energies. Thestamtivenergy calculated for
reaction (R4) (160.2 kJ mdl in fact only slightly overestimates that evaluated by Votirfdev
( 0146 . 9) ardImima’f (134.8 kJ mol), both determined by fitting of experimental data.

For the dissociation of Gatdnd GeHto GeH and GeHwe determined the rate constants in the
high-pressurdimit adopting micrevariational trasition gate theory on the PE&lculated at the
CASPT2 level. The PES for Geldnd GeH homolytic decompositiomeactions are sketched in
Figure 25 as afunction of the length ofhe breaking bond. According ®erkowitz et al?® the
best estimate of the GgHH bondenergy, determined through photoionizatioass spectrometry,

is 344.1+ 8.4 kJ mol at 0 K. This result was cfinmed by several theoretical studies, whieh r
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ported valuesomprised between 355.9 and 347.9 kJ GIt07 1081211711912 gnd by the present
calculations (349.6 kJ mid).
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Figure 25. PES of the GelH(a) and GeH (b) dissociation to Gekland GeH calculated at the
CASTP2 level using the ©d/QZ basis set and corrected with ZPE calculated using vibrational
frequencies determined at the same level of theory.

The high-pressurekinetic constants were calculated for reacti¢R&)i (R4) using both classic
and microcanonical transition state theory. The Kkinetic constants determined using the
microcanonical approach were interpolated between 300 and 2200 K and are repbated & It
was found that the B resolved microvariational determination of the kinetic constants of reactions
(R1) and (R3) leads to a slight decrease of about 15% of the kinetic constants determined using
classic variational transition state theory.

A more significant #ect was foud for the spin forbidden reaction GeH Ge + H, in which
the high-pressurekinetic constant decreases with respect to that determined using classic transition
state theory by a factor of about 2 because of the inclusion of the intersystem crossinijtgrobab
in the calculations.

Table 3. High-pressure kinetic constants of the considered reactive events interpolated between
300 and 2200 K to the modified Arrhenius expression (k "eXFEa/RT(K)). Activation energies
and reactiorenthalpies are reported in kJ/mol. The bimolecular kinetic constant has dimensions of
cnt/molls.

A N Ea oH (0K
GeH, A GeH, + H, 6.4x10" 0.272 221.90 164.54
GeH, A GeH;+H 6.12¢10% -0.168 355.88 349.60
GeH A Ge+H 9.09x10" 0.203 164.12 133.56
GeH, A GeH +H 2.29%10™" -4.43 345.83 291.82
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4.3.2. GeH, and GeH, Decomposition Kinetics

The GeH and GeH decanposition kinetics was studied by integrating the master equation for a
pure Argon bath gas, adopting an exponential down model for the collisional energy transfer, and
using as Lennardones collision parameters for bath gas and reactants the literalues ofll =
3.75A andU= 98.3 cnt for Argon, andd = 4.30A andU= 166.1 crit for GeH,.*** The Lennard
Jones parameterf GeH were determined by scaling those of Géfthe same manner as they
scale for SiH with respect to Sikl The values so determined are 3.93A and U= 106.3 cnt.

Since energy transfer parameters are not well known for, GeMecules, we assumeas first

)0.85

guess that the mean downward transfer energy is(T7298 K)’®° cm® for both systems. This

functional form was found to yield good agreement with experimental data for our previcsis inve
tigation of the SiH dissociation reactidfiand by Matsumoto when studyitiye SjHe reactivity*®
Since, among the others, this paramet¢he most uncertain, its impact on the calculations was i
vestigated through a sensitivity analysis

The k(E,J) kinetic constants were calculated at E astdpk of 1 cmand 1, for E and J oo-
prised between 1 ar&0000 cni* and 1 and 150, respectiyelThe microcanonicatinetic constants
were then averaged over J asgused by Miller et ai* and the k(E) saletermined were fially
averagedn discrete reaction bins. The J averaged k(E) RRéiMtic constants for the reams of
dissociation of Geklto GeH, and GeH are reported ifrigure 26 as a function of thaternal &-
ergy. In order to determine th&ect of the birsize on the accuracy of the calculations twibedi
ent testsvere performed. TherBt was the check of the consistermlythe high-pressureate ©n-
stants calculated assuming@altzmann energy distribution both for the 1t spacek(E,J) K-

netic constants arfdr those averaged over 100 ¢inins.
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Figure 26. Microcanonical RRKM kinetic constants calculated for thectiem of decompas
tion of GeH to GeH and GeH, reported in g,
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The highpressure rate constants calculated using the microcanonical k(E,J) kinetic constants
and the <hveraged kinetic constants were always in quantitative agreement with those determined
using classic transition state theory (i.e. when no intersystem crossing was considered), while those
determined with the 100 chbinned rate constantsfidiredby the expected values by no more than
5%. The second test consisted in performing sevearallations (i.e. Geldland GeH decompois
tion between 1100 and 1700 K at 1 bar) by systematically reducing the bin size to 50 antl 25 cm
It was found that thefect of the bin size is negligible (i.e. tdeviation from the 100 cirefer-
ence value is snilar than 5%) as long as the maximum energy change allowed for a single jump is
at least 4500 cif) which corresponds to a max jump parameter of 45 (which means that-a max
mum of 92 transitions are stored in the binary tree for each stochastic event).

Simuations were performed studying explicitly the dynamics of N parallel systems, eaeh co
posed of a single molecule, starting the simulations from an unexcited state. The pressure depen
ent kinetic constant was then determined by regression over the reaangomising the linearer
gression algorithm over reacted molecules as a function of reaction time we introduced @ our pr
tocol (see Chapter 3 section 3.2) The number of reactive events needed to reach a conuerged sol
tion was determined dynamically, axhanges with temperature and pressure, by adoptinghas co
vergence par amdestevith atl% eonfidenae dnatnAt 16ast akiout 500 events and
10°random transitions were generally necessary to reach converged solutions for matibssnul
Simulations were performed for temperatures comprised between 1100 and 1700 Kssunetpre
comprised between fand 10 bar. Some specific simulations were performed at 1600 K and at
1700 K at increasing pressures to check both the internal consisteheyande in terms of cap
bility to predict the higkpressure limit as well as to determine the pressure at which the high
pressure limit is finally reached. The calculated kinetic constants reached smoothly the limiting
rates for pressures of about1®' bar for both simulation sets. The calculated kigssure rate
constants were about 95% of those computed with TST, which confirms that the stochastic code is
able to predict the correct highiessure behavior for the conditions in which the Boltzmani eq
librium distribution is reached.

Interestingly, we did not observe any reactive event leading to the direct decomposition,of GeH
to GeH and H in the investigated temperature and pressure range. This result could in gart be e
pected since, analyzing tigh-pressure rate constants of these reactions, it can be observed that
the rate constant of the simple dissociation reaction is from 5 to 2 orders of magnitude lower than
that of the reaction that produces Geldd H. A similar result was found alsorféGeH, decomp-
sition. A second less evident reason is that, in the investigated temperature and pressure range, both
the reactive systems considered are deep in theirffalb@ime.In this situation, the populatioof
the most excited states is signditly depleted with respect to the Boltzmann population, so that it

is extremely dficult for an excited state to reach the reaction energy threshold of the modgt activa
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ed dissociation reaction. This can be directly observed from the analysis of tHatedl@opuh-
tion of the excited energy states for a Geéhcting system, which is reportedFigure 27 where

it is compared with the Boltzmann population

1T e Boltzmann Population
10" A —— Calculated population reactive
102 Threshold Reaction 1
103 — = Threshold Reaction 2

10
10°
10
107
10°® 1
o
107191
10711 ‘ , . w ‘
0 5000 10000 15000 20000 25000 30000 35000

Energylcm'1

Population

.,
s,
o,

Figure 27. Comparison between the energy distribntfunction calculated for the Geheac-
tive system at 1 bar and 1400 K and the Boltzmann population. The energy thresholds for reaction
land 2 are shown to highlight the dramatic decrease of population of the excited states that takes

place above the fit reaction threshold.

A specific set of simulations was performed with the aim of determiningftbet ¢hat the incl-
sion of the intersysterarossing probability in the estimation of the microcanonical kinetic co
stants has on the decomposition kinetiitswas interesting to find out that, though the high
pressure rate constants decrease by a factor of 2 upon inclusiorpgf, irebability in equatiorg
134), the dfect on the master equatisimulations is much smaller, thia decrease of the kinetic
constants calculated in the investigated temperature and pressure ranges of about 15% with respect
to the rates computed without accounting for the intersystem crossing probability. The motivation
for this small impact of intslystem crossing on the rate constant is that in the ffalegime pe-
vailing in these conditions the high rovibrational energy levels are depleted and the reactisity is d
termined mostly by the energy states located just above the reaction energyldhfeshthese
states the kinetic energy available for the transitional modes is little, so that PLZ is sn@l,and
approaches unity.

The comparison between the RRKM/ ME calmul ati ons
sidered (Votintsev et af> and Smirnov et df'), measured over the 1068500 K temperature
range and at a pressure of 1.5 bar, concerns thq &eHGeH decomposition kinetic constants

and is reported ifigure 28.
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Figure 28. Comparison of the calculated decomposition kinetic constants of 6eGeH and
H, with the experimental data measured (a) by Votintéand Smirno¥** at 1.5 bar in the pre-
ence of (1) 1.0% D and (2) 3.0% bD and by Newmarf at 5.3 bar. In(b) it is reported the cm-
parison with tle experimental data repad by Smirnov at 1.5 bdor the decomposition of GgH
to Ge and H

As it can be observed, the calculations under predict the measured kinetic constants by an ave
age factor of 1.6 for GefHtecomposition, which more than doubfes GeH, decomposition. A
possible explanation for the observed disagreement is the choice of the energy transfer parameter
for the collision energy transfer process, on which, as mentioned above, there is considerable u
certainty. Thus, we decided to pamh a sensitivity analysis in order to investigate what is the e
fectiveimpact of this parameter on the calculated rate constants.

It was found that increasing the energy transfer up to a factor of two leads to a decrease of the
difference between calctilens andexperimental data from a factor of 1.6 to 1.3 in the case of
GeH, decomposition, thus within the experimental uncertainty, and from 3.5 to 1.6 fordeeH
composition. Increasing the energy transfer parameter above a factor of two difcio$gmifi-
cantly the computational results. Also for the second set of simulations an underestimation of e
perimental data, measured in #falient temperature rang@50/ 1060 K) and at a higher pressure
(5.3 bar) with respect to those reported by Smirnov,atasgrved. The disagreement is signifiean
ly larger than that found for the first set of data simulated. The discrepancies between calculations
and experiments for the data reported by Newman 't falr the GeH decomposition is in fact a
factor of 2.5, which reduces to 1.7 increasing the energy transfer parameter. Tieeseogisvere
detected also by Simka et'alwho carried out a RRKM study of germane decomposition. Tike u
derestimation of the experimental data, a factor of 4.5, is larger than that calculated in the present
study and can mostly be admd to the lower value of the higinessure rate constants, in which
the preexponential is a factor of two smaller than that computed in the present work (mast prob
bly because its temperature dependence was neglected) while the activation energydskabout

mol™ higher (calculations were performed at a lower level of theory, as repoffetie2).
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To further study the origin of the discrepancy between experimental and theoretical data, we i
vestigated whether it might be detened by the presence of secondary reactions.

A peculiarity of this reaction system is in fact represented by the rate at whichdiSsbtiates
to Ge and K which is significantly faster than the rate of dissociation of GéHbecomes thus
possible thatif Ge atoms react with Gaksuficiently rapidly, they may accekge the overall
GeH, decomposition rate. Since it is well known that Si can react rapidly (with almoisti el

efficiency) with SiH to form SpH,,**%*" we hypothesized that a similar reaction may alsodse a

tive for this system. We thus simulated both sets of experimental data admimetic scheme

constituted by reactions (R1R4) with the addition of the following reaction

GeH, + Ge© GeH, + H, (R5)
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Figure 29. Comparison of the calculated concentrations with experimental detesuned after
variable reaction times (24890 7¢) with an initial fraction of Geldof 1.1% (a,c) and 0.5% (b,d)
at a pressuref 1.5 bar. Points are @erimental data, squaregere obtained not considering rea

tion 5, while trianglesvere obtained introdcing reaction 5 in the kinetic scheme.

The kinetic constant adopted for reaction (R5) was first assumed to be equal to that reported by
Dollet and de Persi® for the reaction of Sildwith atomic Si, while for the other reactions we used
the kinetic constants evaluated in this study.
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The simulations of the first set of experimental data did not evidence any impact of thecintrodu
tion of reaction (R5) on the rate of decomposition of Geden when increasing the reaction rate
up to the collisional limit. The situation changed however for the second set of experimental data,
which were measured performing the experiments using aal iGi&H, concentration signi€antly
higher than that adopted by Smirnov. The results of the simulations are compared with exper
mental data ifrigure 29.

In Figure 2% and b are reported the results of the sitmoites of the second set of experimental
data performed adopting reactions (RR5) with the kinetic constants determined with therrefe
ence energy transfer parameter. As it can be observed, the presence of reaction (5) reddices the di
ference between th&lculated and experimental data, though a certain disagreement can still be
observed, especially at high temperatures.

Increasing the energy transfer parameter by a factor 2, which gave a satisfactory agreement with
the first experimental data set, leatiodn this case to a good reproduction of the experimeatal d
ta. The results are shown tigure 29 andd. Interestingly, a sensitivity analysis on the kinetic
constant of reaction (R5) revealed that even decreasing significantialite did not féect the
computational ragdts. This is determined by the relatively high concentration of &esEd for the
experiments (055l% GeH mixtures in Ar), in which decomposition leads to the formation of a
concentration of Ge atomsffigientto react quantitatively with the precurso

The data reported iRigure 30 show that the GeHand GeH decomposition rates are in their
fall off regime for the wholéemperature and pressure range considered in this study, whigk cove
in practice all the operating conditions in which Ge films are deposited from this precursor

1 7 101 7

2]
107 1 10
1100 K

102 A

kuni/k.,

10 1
1700 K 10 7

10
10 1

105

' 107
10-3 102 10 1 10 103 102 10 1 10

a) Pressure / bar b) Pressure / bar

Figure 30. Calculated kinetic constant for the decomposition of (a) @eHseH and H, and
(b) GeH to Ge and Hreported as theatio with respect to thhigh-pressurdimit.

Since the accurate knowledge of these decomposition parameters is of practical importance in
order to study the gas phase kinetics active during the deposition of Ge films, we have fitted the

decomposition ra constant to the Troe form so that it is possible to calculate for any range of o
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erating parameters the correct decomposition rates. The interplolatpressurekinetic constant
and FCent parameters are reporte@able 4.

Table 4. Fit of the GeH and GeH kinetic parameters to the Troe formalismgh-pressure(s
Y, low pressure (cAmol’s®) and FC parameters for the broadening factor (T** was set to 0 in the
regression). Activation energies in kdin

GeH, A N Ea T-range (K)

Ko 6.4x10° 0.272 221.90 300-2200

Ko 2.75x1d°8 -9.055 263.35 11001700
A T*** T*

Fcent 0.216 626.55 -2.59x10 11001700

GeH,

Kq 9.09x10 0.203 164.12 3002200

Ko 1.6x10° -3.06 175.6 11001700
A T*** T*

Fcent 0.018 1.222x16 -6.125x108 11001700

4.4. Conclusiors

The decomposition rate of Ggldnd GeH was studied through RRKM/ME simulations using
structural and energetic parameters determined &tmimitio simulations. Our calculatiornfirm
that inthe considexd temperature angressure ranges both reactions are in the fall off regime. It
was found that Gefdecomposes faster than Gehhd thatat sufficiently high partial pressures,
the Ge atoms so producede likely to react with GeHto enhance its decomsition. A good
agreement between experimental data and calculzeti and GeH decomposition rates could be
obtained assuminthat the enegy transfer parameter is 340%298 KY# cm* for both GeH and
GeH,. This parameter is in reasonaldgreement vih that used in several RRKM studies on the
GeH; reactivity, in which it was adopted a temperaturgependent energy transfer parameter of
800 cn 148149

Finally, despite the increase thle energy transfer parameteur calculations still undegredict
the GeH decompositiorate by a factor of 1.6, well within the uncertainty rang¢heke calca-
tions, which hae been estimated to be abodiaetor of 2 and 4 for the Gatdnd GeH decompos
tion reactions, respectively, due toetluncertainty of the calculatezhergies and transition state
structures. Since in this cafe validation of the computatnal results is based on tbemparison
with a single set of experimental data and gEHan extremely reactive molecule, we think that

further studies will be necessary to definitely asg@e kinetic constant fthnis reaction.
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5 Toluene Decomposition:
Secondary Chemistry
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Figure 31 A kinetic analysis based on ab initio and RRKM/ME calculations shows that toluene

decomposition involves fulvenallene and benzyne as intermediates.
5.1. Introduction

The gas phase kinetics of toluenes feeen the subject of much experimental and theoreéieal r
search in the last yeats=>°'* Toluene is in fact not only the simplest alkylated aromatic species,
but it is also found in considerable concentration in crude oils as well as in jet fuels and in gasoline
and it is formed easily in the gas phase during the pyrolysis or combustion ofdrpdms A é-
tailed understanding of its decomposition kinetics and of its secondary chemistry would tkus be e
tremely useful to model the initial stages of combustion or pyrolysis of the mentioned fuels as well
as to understand if and how it can contriltoténe nucleation and growth of soot.

Currently, there is a general consensusvhat are the main products formed through thé un
molecular decomposition of toluene: the benzyl and the phenyl radideskinetic constant for
the overall decompositionof toluene has been determined experimentally by several
authorg?@1°21°4157159162170173 \jth 3 few also reporting the &mching ratios between the benzyl and
the phenyl reaction channels was found that the dominant product is benzyl, with the phenyl
contribution rising with the temperature from about 10% at 1000 K-#03% at 2000 K.

Several theoretical studies wetevoted to the investigation of the reactivity on theldpoten-

tial energy surface (PES), though the focus was more on the interconversion kinetics between the
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different toluene isomers, norbornadiene and cycloheptatri&Héthan on decomposition rea

tions. More recently the experimental data have been interpreted through rafinetio and k-

netic calculations, accounting explicitly for intermolecular energy transfer and thus extending the
experimental estimates to an ample pressure and temperaturé’range.

However, he secondary chemistry started by toluene decomposition, in particular for what co
cerns the benzyl radical, is undexsd at a lower level of detail. In additiometinterpretation of
the benzyl decomposition mechanism has been masial for many year€Experimental and
computaional studies were particularly conflicting. More specificallyydstigations focused on
the initial steps of benzyl decomposition evidenced that it is consistent with dissociationde hydr
gen and a s species’****"*"*179 On the othehand kinetic simulations of the overall decompos
tion process showed that good fits of experimental data can baebt@ily f it is assumed that
the main decomposition products are acetylene and the cyclopentadienyl’fatfital.

An advancement in the comprehensionbehzyl reactivity came from eecent proposaby
Cavallotti et alt®® formulated on the basis of theoretical calculations, that the main decomposition
product of benzyl is fulvenallen&his prediction found support in successive theoretical calcul
tions®* and simulations of experimental datawhich showed that a kinetic mechanism inaorp
rating a GHg pathway can predict mole fractiongfites experimentally measured in a rich toluene
flame.

Still, agreement with experimental dat@uld be obtained onlyy assuming that fuenallene e-
actsrapidly with atomic hydrogen to form acetylene and the cylopentadienyl raéligdhermore,
the proposed kinetic constant for this reactibarmel isextremely high, 3x18 cm*’mol/s, which
is about a factor of 50 higher than the onkwated from first principles® This overestimation
seems excessive not only considering the uncertainty associated with first principles calculations,
butalso in the light of the fact that a similar reaction channel had already been tested unguccessfu
ly by Brezinsky and cevorkers to simulate the shock tube decomposition aktw!®

To improve our understanding of the fulvenalleeaction channel wimvestigated the reactivity
on the GHg PES usingab initio calculations®® and then examinindie GH¢ decomposition kine
ics integrating the master equation (M&jThroughthis analysis we found thain addition to -
composing to the fulvenallenyl radical A&) and atomic hydrogen, as suggested by da Silva and
Bozzelli,'® fulvenallene can also decompose to acetylene and the cyclopentadienylidadieali
(cCsHy). Though the latter is the main reaction channel, the decompositiofitatd H contibd-
utes between 20% drb0% to the global fulvenallene decomposition rate, depgnain tempea-
ture and pressure.

According to these results, the decomposition of each benzyl radical should lead to the formation
of 1.21.5 H atoms, of which one is due to the decomposition keetiallene and 0:2.5 to

fulvenallene decompositioto the fulvenallenyl radicallhis is in contrast with the very recent H
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ARAS experiments performed by Sivaramakrishnan et al. at very low partial pressures of benzyl
bromide and of its partially deutéea analogue, £sCD,Br.**® In these conditions, the contrib

tion of secondary reactions to the production or consumption of H is negligible, so that an accurate
measure of each H atom produced per decomposed benzyl molecule is possible. It was found that
about 0.8 H+D atoms amproduced for each decomposed benzyl molecule. Moreover, the observed
minor production of D atoms could be explained only by the participation of the deuterated CD
growp to the decomposition reaction.mMechanism that is not energetically feasible onPES we
proposed, according to which the scrambling of H atoms of the benzyl methylene group requires
overcoming an activation energy larger than that leading to benzyl decompt8ifibe. theoret

cal and experimental evidences ¢hnsbe reconcilecbnly assuming that benzyl can decompose
through a second reaction channel, possibly involving scrambling, that does not have H atoms
among its productdn light of these evidences, we decided to investigate again at higher level of
theory the benzyl potential energy surface and in particular, we sedocteedecomposition cima

nel alternative to that leading to fulvenallene.

After much search, a potential newtlpgay accessible to benzyl decomposition that leads to the
formation of benzyne and a methyl radical has been discovered. Including this newfound reaction
path in our ME/RRKM calculations we estimated the overall benzyl decomposition rate constant
and thebranching ratio for eacépecificdecomposition channek different temperatures and pre
sures Good agreement was obtained comparing the results of our predicted rate coefficients with
the experimental measuré$

To prove the reliability of this finding, we also formulated a kinetic mechanism, which @mpri
es the benzyl and toluene decomposition reactions together with the proposed fulvenallene deco
position mechanism and some ¢gans describing the secondary chemistry originated by ¢he d
composition products. Witthis kinetic mechanism wsimulatel the production of H atoms mea
ured in a wide pressure and temperature range d#fiegent experimental set upshé& calalated
ard experimental data were found toibeyood agreement’

To summarize, in the present work two potential energy surfaces were investigated that are of
great importance for the deteination of toluene secondary chemistry: th&lgfulvenallene) and
C;H; (benzyl) PESs. A combined RRKM/ME approach has been adopted to analyze the reaction
dynamics that takes place on these energy surfaces astdrtate the overall and channel specifi
rate coefficients of fulvenallene and benzyl decomposition. The predicted rate constants have been
successively introduced in a detailed kinetic schemeaderao simulate experimental conditions
and the direct comparison between the calculated anché¢lasured values allowed us to confirm
the mechanism proposed.

The present chapter is organized as follows. In section 5.2 is presented a brief description of the

electronic structure methods and the kinetic theories here adopted. In section 5.3 amdepdtar
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ed the analyses of thelds and GH; PESs, respectively, and the estimation of the channel specific
rate constants as a function of pressure and temperature. In section 5.5 is reported the kinetic mec
anism formulated to simulate toluene and beniedomposition and the comparison with tixe e

perimental measurements. Finally, some concluding remarks will be discussed in section 5.6

5.2. Computational Methodology

5.2.1. Electronic Structure Methods

The computational strate@dopted to investigate theldy and C;H; PESs consists in the sy
tematic determination of all the possible reaction pathways that can depart from the mimmum e
ergy well, which are fulvenallene and benzyl respectively. The structures and vibrationahfreque
cies of all the considered wellschtransition states have been determined using density functional
theory (DFT) at the B3LYP/@1+G(d,p}"*®'% level and are reported as supplementaryrinfo
mation in ref*®3, All transitions states have been located using a synchronous transit guided saddle
point search algorithtf and are charaatieed by a single imaginary frequency. The energies of all
wells and transition states have been then calculated using coupled cluster theory at the CCSD(T)
level'® using the correlation consistent double and triplasis sets epVDZ and cepVTZ'* and
extrapolated to the complete basis set limit (CBS) using the scaling coefficients suggested by Ma

tinl36

including B3LYP/+631g(d,p) zero point energy (ZPE) corrections as:

OB ©OCCSDjcpVTNZ
™ eOCCSDjcepVT)ZOCCSDjcpVDZ (137)
Z P BB3L Y -3 1G(d,p)

The energies of all the openethwells and saddle points have bessiimated with an uer
stricted formalism in the case BFT calculations and a restricted open shell wave function for the
coupled cluster calculations.

The decomposition of fulvenallene to the fulvenallenyl radical proceeds through a loose trans
tion state, thus its potential energy surface has been de¢ernijnscanning the reaction coerd
nate, defined as the length of the breaking bond, at steps of 0.1 A starting fréindast@nce of
2.0 A

Two different approaches have been used to determine the final result. At a lower leve} of the
ry, structures, emgies, and vibrational frequencies have been determined with the unrestricted
B3LYP/6-31+G(d,p) method on the singlet PES using a broken symmetry guess for the veave fun
tion. At a higher level of theory, in order to account properly for the contributieraifed states,
structures and vibrational frequencies have been calculated at the CASITE@,p) levél,

while energies have been determined using CASPT2 thébry The considered active paceneo
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sists of 10 electrons and 10 orbitals, thus including all the electrontapinguhe fourp orbitals of
fulvenallene and those of the orbital of the breaking bond together with the respective
antibonding orbitals. The CASPT2 calculations have been performed in the C1 symmetrysgroup u
ing the cepVTZ basis set.

The energies ttauobtained have been successively scaled to the bond dissociation erergy est
mated at the CCSD(T)/CBS level, as the coupled cluster approach is expected to be more accurate
in determining bond energies than CASPT2 theory. The same approach has beertalsathte
the activation energy for transition states with a significant multireference character.

In addition, among the elementary reactions that take place onth@@ential energy surface,
the dissociation of the-ethylphenyl radical into methynd benzyne does not have a saddle
point. Its potential energy surface has been thus determined as a function of the reaction coordinate,
defined as the length of the breaking bond, with steps of 0.05 A starting fre@ distance of 2.5
A. Intermediategeometries, vibrational frequencies and energies have been determined at the
B3LYP/6-31+G(d,p) level using an unrestricted formalism. Successively energies have been scaled
with the bond dissociation energy determined at the CCSD(T)/CBS level.

All DFT calculations were performed using the Gaussian 03 suite of programite CASPT?2
and CCSD(T) calculations were accomplished using Molpro2008

5.2.2. Kinetic T heories

Within the scheme implemented in the MCRRKM code, the microcanonical rate constants
k(E,J) are computed from the convoluted rotational and vibrational density of aatefunction of
energyE and angular momentudconsidering all the vibrational and external rotational degrees of
freedom. In particular, the degeneration of low vibrational frequencies into torsional rotors has
been treated with the hindered rotor agimation. We investigated the PES associated to the to
sional modes of vibration and when necessary we calculated the density of states for the internal
rotations with a direct count algorithm over the energy levels determined solving the 1D rotational
Schrodinger equation. In addition, the densities of state calculated were convoluted if more than
one hindered rotations was present, as described in section 3.3.2 of Chapter 3.

One of the main pathways found to be active within fulvenallene decompositarsan core-
spondence of the intersection between the singlet and the triplet state eHtHeES. This rea
tion has been thus treated with the amliabatic transition state theory approach proposed by Ha
vey”” that has been described in Chapter 3. There we established that the parameters necessary to
compute the hopping probability are the-ditigonal spirorbit coupling element of thex4 Ham-
iltonian matrix between the triplet and singlet state evaluated at the crossingiggiatd the re
ative slope of the two surfaces at the ME@F, In particular, hereHso has been determined
adoptingsinglet and triplet wave functions calculated using the multireference configuration inte
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action****! (MRCI) theory including six orbitals and six electrons in the active space a8d@ 6
basis set, whilgF has been calculated at the B3LYR/B+G(d,p) level.

Master equation (ME) calculations have been performed adopting the 1D master equation fo
mulation proposed by Miller at &.and implemented in our computational code as describegtin d
tail in Chapter 3. In particular, for the current invgation, the single well integration protocol of
the master equation implemented in our previous works was extended to describe the uaimolec
reaction dynamics on a multiple well PES as described in section 3.3.3 of Chapter 3.

In brief, this has beeaccomplished by allowing the excited molecule to react to a different e
ergetic state, differing from the reacting well for the reaction energy change, with updaited coll
sional transitional probabilities between different energy levels and RRKM reactas fde
computational protocol is designed so that reaction and transitional collisional properties for all the
considered wells and transition states are calculated before starting the ME integration cycle using
an integration energy step of 1 ¢nandare then averaged over discrete energy bins.

It is important to highlight that the rate coefficient determined through our appsadhux -
efficient, i.e. the coefficient thaultiplied by the reactant concentration gives the number of-mol
cules thaper unit time andolume are conwvéed to the reaction product and differs from the value
of the phenomenological rate const3#it.However, it is likely that this difference may not toe
large for the caseinvestigated here. In fact, the products ofdéeomposition reactiorensidered
are usually present in very low concentrations in reaction enveotsnn whictthese reactions are
active due to fast secondary reactionsncieds, so that the irreversitdenk assumptiormost prdo-
ably holds. In additiorthe stabization of intermediate wells is likely to be negligible

5.3. Fulvenallene Decomposition

5.3.1. Analysis of the Reactivity on the GH¢ Potential Energy Surface

The investigation of the reaction pathways that can be originated by fulvenallene and eventually
lead to its dissociation can be rationalized in terms of six reaction channels, which areedescrib
below in detail. The global highressure decomposition rate constants are then calculated in order
to determine which are the most probable decompaosition channels. Afterwards, ME/RRKM calc
lations have been performed to estimate the rate coefficietite main decomposition chiaels as

a function of temperature and pressure

Reaction Pathway 1: Fulvenallene Dissociation to Fulvenallenyl andydrogen

The decomposition of fulvenallene to fulvenallenyl is a unimolecular reaction without reverse
barrier,as has been determined by scanning the PES as a function efitbee@king bond. A @-
liminary estimation of the kinetic constant using macrocanonical variational transition state th
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showed that the portion of the PES relevant for the estimatitredinetic constant (i.e. the inte

val of the reaction coordinate along which the minimum kinetic constant is found) is comgrised b
tween 2.0 and 3.0 A. The PES has thus been determined for 11 structures for which the minimum
energy conformation was sehed scanning the reaction coordinate at 0.1 A steps. The PES calc
lated using CASPT2 energies corrected with ZPE and scaled with respect to the CCSD(T) reaction
energy change is shownkigure 32
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Figure 32. PES for the dissociation of fulvenallene into the fulvenallenyl radical and hydrogen

computed at two different levels of theory and corrected for ZPE.

As can be observed, the two surfaces are almost overlapped between 2.0 and 2.3 A, while they
differ increasingly with the increase of the reaction coordinate. This differences rises up to 1.8
kcal/mol at a @H distance of 3.0 A, which can be ascribed to the different reaction energies pr
dicted by DFT and CCSD(T) calculations. The reaction energy changelatad at the
CCSD(T)/CBS level, 81.6 kcal/mol (corrected for ZPE), is similar to the 81.2 kcal/mol determined
by da Silva and Bozelli using G3SX thedfywhile the CASPT2 reaction energy change is about
5 kcal/mol smaller than the CCSD(T) estimate. Additional calculations revealed that thip-discre
ancy could not be ascribed to the dimension efdbtive space or to the number of electrons. As
coupled cluster and G3 theories are generally accurate in estimating reaction energy changes, it has
thus been decided to rescale the CASPT2 to the CCSD(T) energies

Reaction Pathway 2: first C5 A C7 Ring Expansion Mechanism

It is known that fulvenallene can interconvert to cycloheptatetraene and vice versa. We found
two possible reaction pathways that can lead to the formation of C7 cyclic species. The PES of the

first investigated mechanism is sketchedrigure 33,
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The reaction is initiated by the formation of bicylic intermedi&terhich is about 69.7 kcal/mol
less stable thah. This is a relatively unstable species as the barriers to con\&drtgive backl

are small, about 1Kcal/mol

TS5
93.0
TS3
80.8

TS2
79.0

Figure 33. PES forthe first mechanism of interconversion of fulvenallene to cycloheptatetraene.
Energies were calcated at the CCSD(T)/CBS level 88LYP/631+G(d,p) structures.

Isomer 3 needs to undergo several hgden transfer reactions before forming
cycloheptatetraene. All the considered hydrogen transfer reactions are, however, signifidantly act
vated as they require a ring distortion that is contrasted by the allenic group, which favors a planar
arrangement oligands, as described by Johnson in his review on cyclic cumufégse 1,4 H
transfer readdn is the least activated, as its transition state involves the formation of a C6 ring
structure, which has the lowest strain among the intramolecuteandfer reactions considered
here. This is consistent witab initio calculations showing that the riding potential of cyclic
allenes is soft up to 20°, after which it quickly raigés.

Succesive reactions are, however, needed to coréotcycloheptatetraene, which brings the
overall energy required for this reaction pathway to a level higher than that necessary tatdissoc
fulvenallene to fulvenallenyl and H. It is thus unlikely thasthgaction pathway will proceea-b

yondTS4 and the formation of intermediade

Reaction Pathway 3: 8cond C# C7 Ring Expansion Mechanism and Renylcarbene
formation
The second reaction pathway through which fulvenalled¢ ¢an interconvert to

cycloheptagtraene §) is initiated by the migration of one of the hydrogen atoms of the allene
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group to the neighboring carbon center throi@10. This reaction gives rise to a complexaea
tion chemistry consisting of 10 wells connected by 10 transition states thanmarized irfFig-
ure 34, while the corresponding PES is representdeignre 35.
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Figure 34. Second and most energetically favored mechanism of interconversion of fulvenallene
to cycloheptatetraene and phenylcarbene.

This reaction pathway is the most energetically favored among those considered in this study,
which is confirmed by the fact that the stability and existence of most of its energy wells, stich as 7
norbornadienylidene 2f), phenylcarbene 2@8), 1,2,4,6 cycloheptatetraen®),( and the three
ethynylcyclopentadiene isome24( 25, 26) was experimentally confirméed®2*°

The readbn pathway found here is also similar to that proposed by Wong and W&htanu
in part investigated by Schreiner af%land Matzinger et af®’ though several notable diffences
are present. The first is that, according to our calculatib8&p connects the fulvenallen&)(and
spiro[2.4]heptatriene?) wells, rather thad and the bicylic addu@.

The minimum energy path traveled byfter passind S10, investigated with ritrinsic reaction
coordinate calculations, leads to an almost planar vinylcarbene intermediagetiealy unstable
as a singlet but stable as a triplet. Energy minimization of the singlet vinylcarbene intermediate
leads to7, which has been thus considered as the main well connectédhimugh TS10
Spiroheptatriene can then undergo ring expansion anddgcloheptatetrane passing thro@yh

The highest energy barrier along the pathway connedtemd5 is given byTS10and is 63.2
kcal/mol, which is in good agreement with the 62.8 kcal/mol calculated by Wong and Wentrup at
the G2MP2 level. The activatioenergy ofTS10is more than 15 kcal/mol smaller than that of
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TS2, which makes this reaction pathway significantly less activated than that examined ie-the pr

vious section

TS34 ‘o @g<
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Figure 35 PES for the second mechanism of intercorsien of fulvenallene to
cycloheptatetraene. Energies were cadtetl at the CCSD(T)/CBS level BBLYP/631+G(d,p)
structures.

Cycloheptatetraenes) can then be converted to phenylcarbe2®) passing, also in this case,
through a bicyclic intermediat2?). The structure and energy of phenylcarbene here considered
are those of its singlé, state, though the ground state is %etriplet, as the interconversion-k
netics takes place on a singlet PES. It is however likely that, after being formehglet23 will
undergo intersystem crossing to form the triplet. The sivigfdet energy difference calculated at
the CCSD(T)/CBS level is in fact only 3.5 kcal/mol, which is within the al/mol experime-
tally predicted® and near the best theoretical estimates of 2.7rkoamade by Schreiner et &f?
and the 2.51 kcal/mol of Nguya et al*®.

It appears thus that ring expansion and ring contraction reactions orHRE€ES proceed in
two steps and involve the formation of bicyclic intermediates. An exception to this gileen by
the energetically most favored pathway for the formation of ethynylcyclopentadiene, wbich pr
ceeds through a concerted mechanism from phenylcarbene thF83ghThis reaction pathway,
which requires overcoming an activation energy of 77.¥cd, is energetically favored witler
spect to that proposed by Wong and WenfPiff® which consists in the direct hydrogen transpos
tion from the allene group of fulvenallene throu§835 and has an activation energy of 82.4

kcal/mol. It is however interesting tbserve how the reactions that admit the formation of bicyclic
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intermediates have overall activation energiesiagmtly smaller than thosproceethg directly
through concertethechanisms

Three different ethynylcyclopentadiene isomers exist, namely29), 2- (26) and 5 (24)
ethynylcyclopentadiene. The minimum energy pathway proceeds through the form&#riobf
lowed by 25 and 26 generated through intramolecularttansfer reactions proceeding through
TS37 and TS3§ respectively. The -land 2 ethynylcyclopentadiene isomers are the second and
third most stable isomers on the wholgHEPES. Despite this, it is unlikely that these species are
formed in considerable concentrations at the high temperatures at which fulvenallenedtedene
by benzyldecomposition. The activation energy necessary to 5@nd26, 77.3 kcal/mol, is in
fact comparable to that required to dissociate fulvenallene into the fuvenallenyl radical and H and
the preexponential factor of a homolytic barrierless dissociateaction will be at least an order
of magnitude larger than that 8836, as this is a highly activated concerted reaction.

On the other side, the reactions of interconversiohiofo 7, 8, 5, 22, and23 will all be active
in the same temperature range,that all these {1 isomers can be produced through isongeriz
tion reactions from fulvenallene once it is generated from benzyl decomposition. Though, given the
high temperatures at which benzyl decomposes (above 1500 K), their lifetime will be limited.

Finally, it is interesting to observe that, in agreement with the proposal advanced by Brown and
Jones?also Znorbordienylidened7) can be produced from bicyclic intermeditthrough TS39
with an activation energy of 61.7 kcal/mol with respect tavhich is relatively low considering
that27lies 50.8 kcal/mol abové.

The role of cycloheptatrienylidene in the molecular rearrangements of phenylcarbene has been
the subject of mucHiscussion, since heptafulvalene, its formal dimer, is among the main products
of the decomposition of phenylcarbene precur§8r8’?°" It was thus initially expected that it
could be a stable reaction intermediate, also because of aromatic stabifffatidfurther invest
gations demonstrated however that this was not the’?¥a¥dn agreement with préous theoret
cal studie€?*** we found in fact that cycloheptatrienylidene is not a stable well in its singlet state
and it is thus not reported Iigs 32 and 33. Though, it has been shown thatitstate, calculated
to be about 20.5 kcal/mol higher in energy tbaat the CASPT2N/@11g(2d,p) level of theorf?
is a transition state for the racemizatiorbof

As mentioned, one of the purposes of this study is to investigate afactne most likely e+
composition channels active on theHg PES. However, among the minimum energy structures
found investigating this specific reaction pathway, none could be considered as a precussor to di
sociation comparable to reaction pathway IJlor Fexample, it might be argued that
ethenylcyclopentadiene isomers may dissociate to the cyclopentadienyl radicaHartdo@ever
the high enthalpy change of this reaction, more than 115 kcal/mol, makes the rate of this pathway

much slower than that of fflavay 1. Similar considerations hold for dissociation to CH agtdh.C
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Hence, alternative reaction pathways that could lead to energetically stable dehydrogemiated pro
ucts, such as acetylene, have been searched and are the subject of the next two sections

Reaction Pathway 4: Benzocyclopropene éuactivity and DielsAlder Decomposition

M echanisms

The dissociation of a highly dehydrogenated molecule such;ldgv@ll involve most likely
acetylene among the products, because of its high thermodynamic staleléyaded temperatures
and high carbon to hydrogen ratio. This is also indirectly confirmed by the fact that acetylene is
among the most abundant chemical species detected during toluene pyrolysis, though it is difficult
to assess whether this is duehe secondary chemistry active in these conditions.

Dissociation to acetylene implies the contextual formation ofts, Somer. The four €H, iso-
mers whose possible formation has been investigated are, in order of energetic stability: 1,3
pentadiyne, 1,2,3-pentatetraene, peniad-diyne, and the cyclopentadienylidene radical, which
has a triplefB; ground state. The electronic structure of cyclopentadienylidene and of its excited
singlet states has been theoretically investigated by several authbrepagsents the simplest-e
ample of the union of a methylene with a conjugated alké&.The PES of the first meehism
investigated is letched inFigure 36 and involves the formation of several 6 membered ringed

structures

Figure 36. PES forthe mechanism of interconversion of fulvenallene to benzocycloprabBne (
and several 8nembered ylic species susceptible to Digdder decomposition. Energies were
calculated at the CCSD(T)/CBS level B88LYP/631+G(d,p) structures.
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The GHs isomers that can be a precursor to the decomposition into acetylene and one of the
mentioned GH, isomers an be originated by several of the stable isomers or intermediates that can
be accessed through the pathways described in the previous sections. A key compound of this rea
tion pathway, @émethylenecyclohexa,4-dienylidene {0), can be formed both directlfrom
fulvenallene throughTS22 a reaction which has a relatively small activation energy of 54.4
kcal/mol, and fron2 and3 through9. Benzocyclopropenel() can then be formed easily frobd
since the rotation of the methylene group with respect t€éplane is only slightly hindered. The
possibility to converL1into 1 with high yields has been proved experimentally through EVT.

While the formation of all the mentioned compounds is likely to take place as they are connected
by transition states lying well below the dissociation threshold, significant energy barriers hinder
the further reactivity ofLl0, 11, and9. Benzocyclpropene can in fact dissociate to-pghtadiyne
and acetylene throughS17. This reaction however requires overcoming a high energy barrier of
108.2 kcal/mol. Though the structureXdf has G, symmetry, the transition state is asynchronous,
as is oftentie case for concert€dand Diels Aldef™ reactions.

TS17lies 115.1 kcal/mol above the energy level of fulvenallene, thus about 31.7 kcal/mol above
the reaction enthalpy change. The high energy barrier for the insertianetflene into 1;3
pentadiyne is mostly due to the energy required to distort the reactants from their minimal energy
structure to that of the transition state, which is tight (th@ distances of the forming bonds are
2.17 and 2.19 A, respectively). Tingh this transition state may have diradical character and it may
thus be inappropriate to study it using a single reference wave function, the activation energy calc
lated at the CCSD(T)/CBS limit is so much higher than that of the competing reactiorelchan
(pathway 1, about 80 kcal/moal), that it can be safely excluded that the decomposition rate along
TS17may compete with pathway 1.

The situation is different fof S23and TS21, which connect the intermediate structut8sand
14 with the GHg decomposibn products 1,3entadiyne and 1,2,3pgkentatetraene. The activation
energies relative to fulvenallene are in fact 101 and 102 kcal/mol, thus smaller than that calculated
for TS17. In addition, in this case the transition states are not as tight asffwuh817, since the
pre-exponential factors calculated at 300K using transition state theory are significantly larger. This
can be attributed in the caseT$23to two low vibrational frequencies of 63 drand 125 cn,
related to the stretching of onéthe two breaking €€ bonds and to the wagging of the two imet
ylene groups, and in the caseT@21to three low vibrational frequencies of 21En67 cnit and
139 cnt, the lowest corresponding also in this case to the stretching of one of the twindreak
bonds and the others to the rotation and wagging of the methyl group, respectively. The-high pre
exponential factors suggest that these reactions may compete with pathway 1, in particular should
the activation energy be slightly smaller. For this reabe activation energies #521andTS23
have been computed at the CASPT2 level using th®/d& basis set. The energy barriers so d
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termined are 98.2 and 101.5 kcal/mol, thus only slightly smaller than those calculated at the
CCSD(T) level.

However,a comparison of the kinetic constantsT&21 andTS23with that of the intermediate
reactions that precede them on the fulvenallene PES shows that the effective rate determining steps
for these two reaction channels d®20andTS19 respectively, bothdrause of the high actv
tion energies and the low pexponential factors. All these considerations lead to the conclusion
that decomposition to4El, and acetylene throughS21andTS23does not compete with pathway
1. However, should an alternative pattywbe found on the s PES that could connect
fulvenallene tdl3 or 14 through smaller activation energies, the conclusion might be different.

Finally, it can be observed that intermedidfcan transpose a hydrogen atom to the methylene
group and formhe bicyclic adduci2 throughTS18 However, also in this case the activation e
ergy is significantly larger than that of decomposition pathway 1, so that intermg&diai# be

difficult to form.

Reaction Pathway 5: Alternative Pentatetraene Formation Mchanisms

The analysis of the g PES performed in the previous section has shown that there is potential
for decomposition of fulvenallene to acetylene andpkBtadiyne or 1,2,3;dentatetraene, though
these reaction channels are slowed down consigebgbhigh energy barriers, which prevent the
formation of the precursors. Therefore, we have searched for alternative routes to potential precu
sors to dissociation tos8, and GH,. A first possibility is represented by the reaction pathway
sketched irFigure 37.

The reaction mechanism is initiated by a hydrogen transposition on the C5 ring of fulvenallene
to form a carbene intermediat&5], which can then undergo ring expansion or ring contraction
through TS25 and TS27 to form two gclic intermediates, characterized by 6 and 4 membered
rings (L6 and13). The two intermediates are susceptible to decompose directly to the same product,
1,2,3,4pentatetraene, either throudt®26 or, similarly to what found in the previous section,
throgh TS23

Also in this case activation energies have been computed at the CASPT2(10e[ 106} dev-
el. It has been found th@S26 has the smallest activation energy among the acetylene dedempos
tion channels examined, 98.6 kcal/mol at the CCSD(T)/CB®8Iland 93.8 kcal/mol at the
CASPT2 level, while that ofS23is 101.5 kcal/molTS26 appears thus as a significant competitor
to pathway 1, also because of the two low vibrational frequencies of the transition state, 79 and 115
cmi’, which contribute sigficantly to the preexponential factor of the kinetic constant by insrea
ing the vibrational partition function of the transitions state with respect to that of the reactant (for
comparison, the two lowest vibrational frequencies of fulvenallene arentB858 crit). It is in-

teresting to observe that the two lowest vibrational frequencidsSa6 are similar to those of
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TS21andTS23.1t appears thus that this is an intrinsic property of the transition states ofttke C
PES leading to dissociation to &dene and GH..
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Figure 37. PES of a possible mechanism, alternative to pathway 4, of interconversion of
fulvenallene to several intermediates susceptible to ikler decomposition. Energies werd-ca
culated at the CCSD(T)/CH8vel forB3LYP/631+G(d,p) structures.

However, also in this case, the formatioril8fand16 is hindered by the high energy barriers of
TS25andTS27(96.5 and 100 kcal/mol), which must be overcome in order to connect fulvenallene
with 16 and13. It appearsthat, also in this case, these two dissociation pathways are not compet
tive with pathway 1, at least as long as an alternative rodtgéad 16 is not found.

Reaction Pathway 6: Reactivity on the Triplet Potential Energy 8rface

Since one of the 4E, isomers that can be formed by the decomposition to acetylene,
cyclopentadienylidene, is most stable in its triplet state, the reactivity of;/Hhetiiplet PES has
been studied. The investigated PES is sketch&dyire 38.

The ecitation of fulvenallene from the ground to the triplet state requires 45.9 kcal/mol and
leads to the bending of the allene group, though the molecule remains planar. The migration of a
hydrogen atom from the methylene group to the neighboring carberieeseg8.0 kcal/mol, which
becomes 93.9 kcal/mol if measured with respect to the ground state of fulvenaB@&xorre-
sponds tol'S10 on the singlet PES of pathway 2, which energy barrier is however significantly
smaller, 63.2 kcal/mol. The two transiticstates lead however to different products, which are

spiroheptatriene for pathway 2 and vinylcarbene cyclopentanienylid8her(the triplet PES
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TS28
93.9

Figure 38. Reactivity on the &, triplet PES. Energies were calculated at @ESD(T)/CBS
level on B3LYP/MB1+G(d,p) structures.

Intermediate 18 can then follow four different reaction pathways: dissociation to
cyclopentadienylidene and acetylene throli@30, ring closure to forni9, H abstraction from the
C5 ring to form intermedite 20, and the backward pathway 1@. A fifth pathway is given byn-
tersystem crossing to the singlet PES followed by isomerization to spiroheptatriene or fulvenallene,
as vinylcarbene cyclopentanienylidene is not an energy minimum on the singlet REScyidtic
intermediatel9 can further react through ring expansion to form cycloheptatrienylideelyif-
ferently from cycloheptatetraen®)(21 has a planar C2v structure. The energy difference between
21 and5 is 27.1 kcal/mol, in good agreement witlhe 27.2 kcal/mol calculated by Wong and
Wentrup at the G2(MP2,SVP) level.

The activation energy for decomposition to acetylene and the cyclopentanienylidene radical is
96.0 kcal/mol TS30), thus significantly higher than that of pathway 1 (about 80/tkad). How-
ever, the activation energy ©530is similar to the energy change, 91.8 kcal/mol, so that the ene
gy barrier for the reverse reaction is relatively low (4.2 kcal/mol). This usually implies that the
transition state is loose, i.e. that intermadtions along the transitional degrees of freedom are only
slightly hindered. This is confirmed by the three small vibrational frequencies calculaisi3ar
9.4, 51.3, and 89.0 cmTS30has thus the potential to compete with pathway 1, as the higa val
of its vibrational partition function determined by its low vibrational frequencies can compensate
for the high activation energy.

It is however unlikely that the well connectedT830, 18, is reached from the triplet state of

fulvenallene, ag S28 hasboth high activation energy and high vibrational frequencies. dere
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accessind 8 from 17 requires that intersystem crossing takes place bettvaad17, which, since
the triplet and ground state of fulvenallene are separated by 45.9 kcal/mol, seygreoning a
significant energy barrier.

An analysis of the singlet PES arouh810 performed following the internal reaction cobrd
nate froml to 7 starting from the transition state evidenced that the energy difference betneen si
glet and triplet state calculated on the same geometry, is very small. In particular, the two states
cross (less than 0.5 kcal/mol of difference) at about 0.05- (istance of the forming bondj-a
ter TS10at a relative energy of 56.0 kcal/mol.

To test whether a conicaltarsection exists in proximity of this structure, which can be densi
ered as a first guess, we used a procedure similar to the partial optimization method described by
Harvey’® This approach, often used to locate conical intersections, consists in a set of partial g
ometry optimizations performed on the singlet and triplet PES at fixed valuesrefttiimn coo
dinate. The crossing of the two PESs defines the conical intersection, though it can be considered
only as a first level approximation since triplet and singlet geometries will differ somewhat.

In the present case it is difficult to define tleaction coordinate since, after the H transposition
taking place inTS10 the evolution towards the minimum energy geometry of both the singlet and
triplet states involves a rototranslation of the terminal CH group. This internal motion cannot be
descriled with a single reaction coordinate, as both the HCCC dihedral angle and the HCC angle
change during the reaction.

The following procedure has been adopted. First the singlet and triplet geometries haee been r
laxed starting from the first guess crosgaint while keeping fixed the relative position of the CH
group. Then two independent IRC scans have been performed starting from the respeetive opt
mized geometries at steps of @dhr. The two PESs crossed at the second step (energseditte
less tha 0.1 kcal/mol). The geometries were similar, as the XYZ atomic coordinates differ by less
than 0.015 A, while the energy was about 5 kcal/mol smaller than that determined at the first guess
crossing point. This finding suggests that a conical interseeki@ts in proximity ofTS10, though
a more refined approach would be needed to determine its structure and energy at a higher level of
approximation.

It is likely that, after jumping between the two adiabatic surfaces, the system will evolve toward
the erergy well lying in the closest proximity, which 18. It appears thus that no significant ene
gy barrier precludes the accessibility to the well connect@®89,though it is known that thim-
tersystem crossing probability, determined by the spin otaipling coefficient, may affect oe

siderably the transition frequency
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5.3.2. Fulvenallene Decomposition Knetics

High-Pressure Rate ©@efficients

At a first level of approximatiant is possible to determine the highest possible rate of the di
ferent decomposin channels by applying transition state theory using for the transition states the
partition functions of the reaction channels and for the reactants the partition functions af-the mi
imum energy well, which is fulvenallene. This approach alldeterminng the high-pressureate
constant for each decomposition reaction channel under the implicit assumptions that all the wells
that must be visited by the rovibrationally excitedHgEmolecule before reaching the target tians
tion state a in thermodynamiequilibrium.

As mentioned in the previous sections, this is not the case for some reaction channels, since
some bhottlenecks on the PES hinder the accessibility to the decomposition transition states. Given
the complexity of the &5 PES, it is however ditult to exclude a priori that alternative reaction
channels connecting fulvenallene to the well preceding the dissociation transition state might exist.
On the other handhe present calculatiorlaws evaluatingwhich is the upper limit to the kinetic
constant for each possible reaction channel. The results of thitatialcare summarized ifable
5in the 15062100 K temperature range, which is that at which fulvenallene decomposeg-at a si
nificant rate.

Table 5. High-pressureupper limits tathe kinetic constants for fulvenalledecomposition

Reaction Activation En- Transition A Ea 1500K 1800 K 2100K
1A ergy State st st st st
CHs+H 827 TS1  4.8x10" 81.1 690 6.5x10° 1.6x10°

1,3pentadyne + GH, 98.2 (101.19 TS21 6.2x10Y 103.2 563.8 1.8x10° 1.1x10’
1,2,3,4pentatetraene +8,101.5 (102.0) TS23 3.5x10" 106.3 11.3 4.3x10° 3.0x1C0°
1,2,3,4pentatetraene +8, 93.8(98.6) TS26 7.2x10"® 98.8 294  7.4x10* 3.8x10°
pental,4diyne + GH,  115.0 TS17 2.2x10" 119.8 0.08 61.6 7404.
cyclopentadienylidene +8,  96.0° TS30 3.4x10Y 98.7 1520. 3.5x10° 1.6x10’

®The kinetic constants were fitted to the Arrhenius fornk asA exp(-E./ RT) between 1500 and 2000 K.
Activation energies are ikcal/mol.

PPES calculated at the CASPT2f¢TZ level scaledto the reaction energy change evaluated at the
CCSD(T)/CBS lgel with CASPT2/cepVTZ ZPE.

“Activation energy calculated at the CASPT28£TZ level; estimated CCSD(T)/CBS enerigyparenthesis.

The analysis of the kinetic constants reportedable 5 shows that the fastest decomposition
channel of fulvenallene leads to acetylene and cyclopentadienylidene. This reaction takes place on
the triplet PES, so that intersystenogsing is necessary. The second fastest decomposition cha
nels is given both by dissociation into the fulvallenyl radical and atomic hydrogen, which rate is
comparable to that of dissociation to-p@ntadiyne and £l, throughTS21 The decompaosition to
1,2,3,4pentatetraene and g, throughTS26is only slightly slower.
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Of the four dissociation channels here identified as comparable in terms of decomposition rate
constants, those correspondingTi®26 and TS21 are considerably slowed down by two bettl
necks, TS25 and TS20 which kinetic constants calculated with respect to fulvenallene are more
than two orders of magnitudes smaller. This leav®30andTS1 as the two main decomposition
channels of fulvenallene identified in the present work. Given tpafsiantly higher activation
energy ofTS30 it is likely that eventual fall off effects would fav®61 with respect tar S30.

ME/RRKM simulations

In this section we aim to determine what the main decomposition products of fulvenallene are
and to evaluatéhe respective reaction rates as a function of temperature and pressure ugiRg a co
bined RRKM/ME approach
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Figure 39. Summary of the reactions that can take place on thig gbtential energy surface.
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The GHe PES on which th@resent calculations are based is illustrateBigure 39 and con-
prehend27 wells connected through 39 paths. A preliminary analysis showed that only a small
portion of this PES is likely to be visited for a reaction pathway stérten the fulvenallene well,
so that it can significantly be simplified without loss of accuracy.
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Figure 40. Portion of the GHgs PES considered in the simulations. Energies were calculated at
the CCSD(T) level using the-p&/DZand cepVTZ basis sets and extrapolated to the compkete b
sis set limit. ZPE corrections are included and were calculated using vibrational frequeaeies d

termined at the B3LYP/81+G(d,p)level

The PES considered in the simulations is illustrateBigure 40. It is composed of 10 wells
connectedby 11 transition states. @ie wells reported ifrigure 40, only W18 lies on the triplet
suiface. Two main decomosition channels appear thaempetitive: the dissodian to fulve-
nallenyl and atomic hydrogen througi$1 and the decomposition to cyclopentadienylidene and
acetylene through'S30 Despite the higher activation energy, the second reaction channel is faster
if the decomposition rate is computed assuming ligguim between the involved wellsThis
comesas a result oits high preexponential factorin fact TS30transition state Isa loose chaca
ter and is, thereforecharacterized by five low vibrational frequencies, two of which degenerate
into hindered otors, as evinced by analysis of their rotational PESs.

To check whether the approach used to determin@ &3 kinetic constant is consistent with
experimental data, we calculated the kinetic constant of the inverse process, the addgityt@f C
CsH,4, and compared it to the reaction ofHz with C;H. We believe that two retions are similar
in many ways; ifst, because one of the reactantgilCis the same, then because in both reactions
C.H, adds to highly unsaturated radicalsH@nd GH,4, and fnally for the fact that both reactions

are almost barrierles$he kinetic constant measured for the addition 4 @ GH, at 180 K by
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Shin and Michaél®is 1.6x10"* cm*mol/s, while the one we calculated for the addition gf.Qo
CsH. is 6.3¢<10" cn/mol/s. The similarity suggests that thiansition state parameters determined
for TS30, which are the same used to calculate the additiogtdf 16 C,H,, are reasonable.

However,although TS30 appears tgield ahigher rate coefficienthan TS1, it should be e-
membered that this reaction tak#ace on the triplet PES, so that intersystem crossing magnbe i
iting. Moreover, eventual fall off effects would favor the first decomposition channel. Given the
high rate of theT'S30reaction channel, it is possible that also the decomposition to ewetghd
the singlet state of 4E,, whichlies 6.4 kcal/mol above the triplet and does not require intersystem
crossing, may contribute to the overajHg decomposition, as the reaction is barrierless.

In the proposed reaction scheme, the reaction chéadihg to the decomposition ofid into
cCH,4 + GH, involves intersystem crossing from the singlet to tipetr state. The iersystem
crossing frequency has bedetermined using Landau Zenerahgasdescribed in the methodese
tion. This approachequires as inputhe structure, energy, spiorbit coupling coefftient, force
constant@nd vibrationafrequencies at thimtersection linking the singlet and the triplet PES.

Conical intersections that may occur on th#l{ZPES have beesearchedn proximity of the
wells that may be reached fraiil scanning the PES at the B3LYR3&+G(d,p) levelln the c#&
culations we did not consideng well known singlet trigt crossing of phenylcarbefie as it is
unlikely that phenylcarbene may be accessed vdin Among the severatonical intersections
that were located, the one with the highest-gpbit coupling, TS*, has beefoundon the intrinsic
reaction coordinate connectizvyl to W7, after TS10. Hence,in the $mulationswe considered
TS* to beaccessible both froMW/1 and fromW?7.

The spirorbit matrix element HS@alculated for the corresponding MECP is 9.3'cifhe df-
ference between the forces acting ontthe states is more difficult to determine, sincergrinsic
reaction coordinate scan performed boththe triplet and singlet PESs showed that the comieal i
tersection takes place contextually tmgotraslation of the terminal CH group, so that it isidifft
to define a reaction coordinat€aking into account this evidenceheforce difference has been
computed as the difference between the forces acting on thelmtgieen the CH group and the
C_GH, moiety on the singlet and triplet surfaces, as the #iR@yses showed thas the coord
nate tha matches most closely the reaction path. The valmkolated is 9.4 kcal mdh™. The
reduced mass used in the calculations is that of CH.

Theseparameters have beesed in a first set of simulations. However, in order to take itHo a
count theposshility of the existence of an alternative fast intersystem crossing channel and-consi
ering theuncertainty of many parameterge performeda second set of simulations assuming that
intersystem crossing is fast, which was ol#d by imposing the hoppingobability equal td.

The master equation was solved assuming that the bath gas is pure Argon, adopting am expone

tial down model for the collisional energy transfer, and using Leriamds collision parameters,
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which were assumed to be the same asethd toluene for all the g isomers’™™"*?!" Vipbrational

frequencies, rotational constants, and activation energies of the relevant intermediates and saddle
points located on the investigat potential energy surface have bealtulated fromab initio sim-

ulations as described in the method sectionceSenergy transfer parameters are not well known

for these molecules, we assumed an empirical value for the mean downward transfer energy
<qEsow> €qual to 2000 cihy which has beensed by da Silva et &f* to study the benzyl deoo

position reaction. The sensitivity of the calculated rate constant to this parameter has been exa

ined. Since we were interested Iretinitial product branching ratio of theHy decompositione-

action we used an Ainfinite sinko appnrxi mati on
CsH,; and H + GHs reactions have been neglected.

To solve the mastelgeation the reported uas have beefirst averaged over J as proposed by
Miller et al. and then in discrete reaction bins. In order to determine the effect of the bin thiee o
accuracy of the calculations a sensitivity analysis was performed on this parameteticlitapa
the bin size was systematically reduced from 100 t;B0 and 25 cith The simulations revealed
that the rate constants determined by solving the ME are not particularly sensitive to the size of the
energy bin (i.e. the deviation from the 100 ctraference value is smaller than 5%), as long as the
maximum energy allowed for a collisional energy jump is at least 9060 cm

In addition, we performed sensitivity analysis on theq&gy.w.~ parameter. It has been found
that avariation of £1000 cm at 1 atmleads to a maximum change of the rate constant of about
+50% at high temperatures (i.e. greater than 1900 K), while no significant changeteareddat
low temperatures (i.e. lower than 1700 K). This behavior was expected as the variation of the
<gqEsw> parameter has an effect pnvhen the rate constant is in ddap off regime. Also the
branching rate catants change accordingly, yieldiagproduct branching ratio onkfightly &-
fected by the variation ofqEq.w»>. Unfortunately,as no experimeal dataare available for this

reaction it remains uncertain which is the most appropriate value
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Figure 41. Overall kinetic constants for s decompaosition. Simulations were performed: a)
accounting for intersystem crossinging Landau Zener theory; b) assuming that intersystem

crossing is fast.
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The global rate coefficients for;8; decomposition determined both for the case in whntdr-
system crossing has been considered and when iitdhaee illustrated inFigure 41. Calculations
were performed in the 0.5 bar pressure range and in the 158000 K temperature range. The
reaction is in its fall off regime for pressures up 18 har whenntersystem crossing has bezom-
sideed and up to 10 bavhen it hasot.
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Figure 42. Branching reaction constants for channel 1 and 2 calculated a) accounting for inte

systentrossing using Landau Zener theory and b) assuming that intersystem crossing is fast.

In addition to the t@l rate constant estimation, one of the attempts of the present study is to
provide an insight into the mechanism and the product branching under different conditions. The
channelspecific rate constants for decomposition into cyclopentadienylideneahddbannel 1)
and intothe fulvenallenyl radical (channel 2) are reporteéigure 42. It can be observed that the
two pathways have similar rate coefficients for different pressures and temperatures if intersystem
crossing is explitly considered in the calculations, while if intersystem crossing is assumed to be

fast channel 1 is up to a factirthree faster than channel 2
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Furthermore, it is interesting to observe that the two channels exhibit a different pdEssure
pendence. In fact, the homolytic dissociation reaction rate has a minor dependence with pressure
compared to the other rdim. This can be also seenkigure 43 where are represented theypu-
lation densities of wellyV1 andW18 compared with the Boltzmann populationWfL. It is thus
interesting to observe that the population densityWafdeviates fron the Boltzmanrpopulation
only at energies higher than the corresponding dissociation threshold energy, cortfahitiee
direct decomposition to £ and H ishardly affected by fall off behavieeven at highempea-
ture. The second reaction channestéad, involves the transition from wélil to W18. The p-
ulation of the most excited states \6f18 is more depleted with respect to the threstenédrgy
reached inTS3, which leads to a significant pressure dependence. The slight deviationVgf.the
enagy distribution function from the Boltzmann population that can be observed anlergies
can be ascribed to the fact that simulations are started from energy 0, which biasességimiy
ergy distribution function. It is also interesting to obsehat ho significant population of
energies below th&S* critical energy is observed f9v18, which means that collisionatabiliza-

tion is not significant.
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Figure 44. Product branching ratio as a function of temperature and pnessalculated e-
counting for intersystem crossing using Landau Zener theory (lowest points) and assumimg that i

tersystenctrossing is fast (upper points).

In Figure 44 the product branching ratio, defined as the ratio of the nunfo@iokecules po-
duced by channel tb the humber of molecules produced by channel 2,53ajied as dunction
of pressure and temperature. When intersystem crossing is explicitly considel@@nttteng a-
tio is almost constant with both temperature pressue with a mean value of 1.06. tine assup-
tion of fast intersystem crossing, instead, the branching ratio varies proportionallgresture
and temperature, rangingp 0.8 up to 3.8. This behavits motivated by two faors: channel 1

has a raction energy barrier smaller than that of channel 2, hence the higher depeofdémece

100



Toluene Decomposition: Secondary Chemistry

branching ratio with temperature, while channel 2, because of fall off effects, has adgpatgy
enceon pressure than channel 1.

Channel specific rate constantsrevénterpolated between 1500 and 2000 K and are reported at
three different pressures as a function of temperaturabte 6.

Table 6. Kinetic constants for the two fulvenallene reaction channels calculatesidering &-
plicitly intersystem crossing = ¥P.z) ) and under the assumption that it is fasi{g 1). Ki-

netic constants expressed as k = A (K)a x exp(Ex(kcal/mo)/RT) in s*.

CiHs A CsHi + CGH, CHs A C/Hs+H
P (bar) A U E. A U Ea

0.1 130.10 -32.19 173.97 116.01 -28.46 157.86

Prop= ¥(P.z) 1 100.99 -23.86 154.21 66.69 -14.64 119.55
10 61.12 -12.81 120.50 27.07 -3.54 89.15

0.1 135.37 -33.58 179.46 102.86 -24.94 144.42

Prop = 1 1 124.48 -30.18 176.46 108.80 -26.20 156.95
10 129.83 -31.11 191.02 98.54 -23.11 153.51

5.4. Benzyl Decomposition

In this study we propose that the benaill) decomposition mechanism involves two conpet
tive reaction pathways, reported on the left and right sidinefGH; potentialenergy surface
shown inFigure 45.

o)

@

[*]
@ » '
co®e 2
0, © © e
oG &J
e Q ) “09 O
TS6 © \ )& '
914 ‘G"w TS4 oc @
7 [ Y O
% 3 AQOCO TS3 ¢
0% ™7 9 772 e | —
cgo 1SS 1 O 70.9 ° 3 °
b & & TNl
I O i
Rg®o | % | Cow
10 . - e
ws |1 9@ e
s i O°0°¥

Figure 45. PES considered for the;8; decomposition simulations. Energies (in kcal/mol) were
calculated at the CCSD(T) level using thepdDZ and cepVTZ basis sets and extrapolated to the

compkte basis set limit. ZPE corrections at the B3LYBPI6G(d,p)evelare included
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The first is the one leading to fulvenallene and hydrogen. The reaction mechanism is initiated, as
suggested by Jones et &f,by benzyl cyclization to #nethylenebicyclo[3.1.0]heg-en2-yl
(MBH) (W2), which has an activation energy of 62.2 kcal/mol, well below the benzyl dissociation
threshold, and is rapidly followed by ti&8 ring opening to give the k§clopentadiene;Finyl-
radical W3). Successively this intermediate can make ah¥dtogen transfer from the tertiary
carbon atom within the C5 ring to form thecgclopentene®thenylideneadical V4). Though
hydrogen ttansfer reactions over cyclic rings usually have activation energies of the order of 30
kcal/mol, in this particular caseS3 has an energy barrier of only 19.9 kcal/mol, making this path
easily accessible from the benzyl wall4 can then produce fulverahe through a direct H diss
ciation from the CH group of the C5 ring. This mechanism was first proposed in a previous
work™® of this group in which energiesere calculated at the G2MP2 level. In this study energies
have been updated to a higher level of accuracy by performing CCSD(T)/CBS calculations.

Following the motivations described in the introduction, the,ES has been thoroughly-i
vestigated seahing for a second benzyl decomposition pathway that may be competitive with the
fulvenallene pathway. Among the possible reaction channels investigated, particular care was given
to the study of H transfer reactions of the-fiehtadiene fethenylidene hear isomer, whose rfo
mation requires overcoming an activation energy similar to that leading to the formationeef fulv
nallene. However the kinetic constants calculated for this portion of the PES are substantially lower
than those of the first reactionarimel.

It was interesting thus to discover that an alternative benzyl decomposition mechanism actually
exists and consists in a sequence of two reactions, which final result is the barrierless decompos
tion to benzyne (cHs) and methyl. The first step wsists in an internal 1;8ydrogen abstraction
from the CH group to a vicinal CH group of the C6 ring leading to thmethylphenyl radical
(W5). This reaction step has an activation energy of 64.6 kcal/mol, which is similar to that of be
zyl cyclizationto intermediat&V2 (62.2 kcal/mol) It is also important to observe that this reaction
provides an efficient scrambling mechanism for the H atoms of the benzyl methylene group, which
is absent in the first reaction pathway examined. Successivelyrtietiphenyl radical can et
compose into benzyne and methyl by direct dissociation of $8eGsH, bond. This last reaction
proceeds through a loose transition state, with an activation energy of 69.9 kcal/mol (91.4 kcal/mol
with respect to benzyl). Though ia&to overcome a larger barrier with respect to the one leading
to fulvenallene (91.4 vs 84.9 kcal/mol), this reaction has a highezxp@nential factor due to its
loose nature. As mentioned in the method section, the kinetic constant for this relaatinal has
been determined using variational transition state theory.

A quite important issue in the use of variational transition state theory is the treatment of the five
transitional internal degrees of freedom, for which the harmonic approximatioltyusd@pted in

classic transition state theory is often not valid. In the present investigation one mode (the lowest)
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has been treated as a 1D hindered rotor, while the other four were described as harmeanic oscill
tors. In order to determine the level of@ associated with this approximation the kinetic constant

for the addition of methyl to the phenyl radical, a barrierless reaction similar to that involving
methyl and benzyne, has been calculated at the same level of theory and compared with-that dete
mined by Klippenstein et al. using the more proper variable reaction coordinate (VRC) approach.
Within its scheme, in fact, the density of states efttiansitional modes is determined by studying

the reaction dynamics over a 5D PES. Through this comparison it has been found thatthe vari
tional kinetic constant underestimates the VRC reference value by a factor of 3 in the investigated
temperature rargy (15002000 K). As the variational kinetic constants for the addition of; @i

phenyl and to benzyne have similar values (addition to benzyne is otysk@wer then to
phenyl), wedecided to multiply the channel specific kinetic constant of benzynevgesition by

a constant correction factor of 3.
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Figure 46. a) Global kinetic constant for benzyl decomposition calculdigdntegrating the
master equation as a function of temperature and presblftomparison betweeratculated and

literature!®3195157179181218 inatic constants for benzyl decomposition.

The global and channel specific rate constants of the benzyl decomposition reactioedrave b
estimated solving the master equation as described in the method section. The global kinetic co
stant so calculated is reportedrigure 46a as a function of temperature and pressure.

Simulations have lea performed for temgratures comprised between 1500 and 2000 K and
pressures of 0.013, 0.13, 1, and 10 bar. In this range of temperatures and pressures it is possible to
observe that for this reaction it is important to account for fall off effdstsin typical combustion
conditions (310 bar).

Furthermore, the benzyl decomposition rate constant evaluated at 1 bar can be compared with a
number of literature data, as showrFigure 46b. It can be readily observed that our cidtion is
in agreement wih the experimental rate constantHippler at al'*” and Oehlschlaeger et Af°
both determined through shock tube experiments and time resolved ultraviolet absorptias. Our r

sultsare also in agreement with the kinetic constarBrefunUnkhoff et al.**? obtained through
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shock tube experiments and ARAS spectrometry, while they underestimate the rate constant dete
mined by Colket and Seety. The kinetic castant proposed by Colket and Seery was howeser d
termined through fitting a complex mechanism to experimental data under the hypothesis-that be
zyl decomposes to the cyclopentadienyl radical and acetylene, so it inatdasm expect some
uncertainty. hie significant underestimation of experimental decomposition rates made by da Silva
et al’® was unexpected sethe RRKM/ME calculations on which this estimate is based were pe
formed using a PES similar to that used in this work, except for the benzyne channel, which would
however account only for a factor of 2
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Figure 47. Branching raio of the GHs+H channel over the global decomposition rate gfC
as a function of temperature and pressure.

Analyzing the branching ratio results showrFigure 47 it can be observed that theHg + H
and the GH,; + CH; channels antribute equally to benzyl decomposition. In fact, the ratio of pr
duction of fulvenallene and hydrogen is 0.5 at atmospheric pressure for the whole temperature
range investigated and increases only slightly for lower pressures, reaching a maximumabf 0.56
0.013 bar and 1500 K and a minimum of 0.48 at 10 bar and 2000 K.

Channel specific rate constant were interpolated between 1500 and 2000 K and are reported in
the malified Arrhenius form irTable 7 for the all the pressures invesdied.

Table 7. Kinetic constants for benzyl decomposition reactions interpolated between 1500 and
2000 K as k = ATexp¢Ea(kcal/mol)/RT) in’s

CH;A C/HHg+H C/H;A Ce¢Hy+ CHs
P (bar) Log A a Ea Log A a Ea
0.013 129.65 -3257 162.41 135.31 -34.08 169.13
0.13 123.11 -30.34 163.83 112.81 -27.50 155.36
1 97.47 -22.95 148.28 89.74 -20.82 141.68
10 39.10 -6.76 990.71 55.71 -11.23 116.58
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5.5. Kinetic Simulations of Toluene ard Benzyl Decomposition

5.5.1. Kinetic M odel

A chemical kineticmechanism consisting of elementary reactions has been assembled by e
bedding the reactions whose kinetic constants were determined from first prifi@pégato a
simple but sufficiently detailed kinetic scheme proposed in a previous work with the iaiciutte
the most important reactions active during toluene decompo&itidine reactions used to build
the kinetic mechanism are the decomposition of t@uand a subset of its reactidh&*?*° as
well as the benzyl radical decomposition to produteiezyne or fulvenallene. The decomposition
reactions of fulvenallene were included in the kinetic mechanism together withatidition rea-
tion that leads to its conversion to acetylene and thpgntadienyl radicdf® Moreover,a few

reactions involving phenyl radical&"??*

the previously discussed-&tidition or Habstraction &-
actions to G species, and the decomposition of cyclopentadienyl radical to propargyl and acetylene
have been added to the mechani&ithe final kinetic model involves 20 species and 35 reactions,
allowing the prediction of toluene and benzyl decomposition oved 2081900 K temperature
range. The rate coefficients tfe reactions listed ifable 8 are valid for the 2 bar pressure
range. In the simulations performed at higher or lower pressures the pressure sensitive rate coeff
cients were changed using the RRKM/ME pressure dependent values computed in this work or, for
toluene ad fulvenallene decomposition, in the referenced stutft&.

The kinetic constants of reactions-2@ arehigh-pressure limits. Moreover, Was assumed that
the GHs chemical species produced by the addition of H to ajis €pecies rapidly isomerizes to
the cyclopentadienyl radical. Though we acknowledge that these are rough assumptions, they
helped us to check that these reactions do not contribute significatitly twerall chemical rea
tivity, in particular for what concerns the consumption of H atoms.

The proposed toluene decomposition mechanism is able to describe the key reaction steps i
volving toluene and benzyl as reactants as well as the main cyclopaytaatied acetylene fe
mation pathways. Since detailed mechanisms for the formation and consumption of smadler hydr
carbons and for the first aromatic ring formation are not incorporated into the kinetic model, it is
not expected to predict quantitativelgesies like methane and benzene. This is tapedally at
temperatures higher than 1500where other pyrolysis paths can be active to produce large mol
cules such as polycyclic aromatic hydrocarbons and other soot precursors. The therroabdteemi
ta have been either estimated in this work through standard quantum chemistry methods or taken
from the literature; in particulafable 9 reports a compilation of the thermothmic parameters
for the G species of the model used in thmglations. All the simulations discussed in the faHo
ing have been performed using the shock tube model available in the DSMOKE suite of

programs>
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Table 8. Atmospheric pressure reaction mechanism for toluene pyrolysis and benzyl deaeompos
tion®,

Reaction logA n E. Referene
(1)  CeHsCHsY @IsCH,+H 13.20 0.68 89.2 Hardingetaf™"
(1)  CHsCH,+ H MClHa 13.82 0.07 -51.5 Hardingetaf®
(2) CeHsCH, Y s+ H 97.47 -22.95 148.3 This study
(-2) CHs+ H MCH 894 120 -2.0 Cavallotti et af-®°
3) C¢HsCH, Z 0-CgH4s + CHs 89.74 -20.82 141.7 This study
(4) CsHsCH;Z s+ CH; 16.08 0 99.8  Ranziet af?°®
(5) CsHsCH;+ H HsCHE + H, 15.10 O 14.8  Oehlischlaeger et &f°
(6) C7H6 + H 52"5 +CZH2 8.03 1.35 -3.4 Cavallotti et af®°
7 CHsz €s5+H 108.8 -26.2 156.9 This study
(8) CHsz @l,+ CH, 124.48 -30.18 176.5 This study’
(9) CHsZz &;+ CH, 90.45 -21.38 135.62 This study
(10) C/Hsz l,+ CH3 82.93 -19.18 125.34 This study
(11) o-CHsz £, +CH> 85.32 -19.6 69.9 Moskaleva et #%*¢
(12) CsH;+ H Y.COCCEH 11.60 0.69 -1.2  This study
(-12) CH,CCCCHY &;+H 13.18 0.02 67.4  This study
(13) CsHs+ H Y.CCEECH 13.28 0.05 -0.3  This study
(-13) CH,CCHCCH H4+ 1€ 14.17 -0.05 80.3 This study
(14) CsHz+ H YCOoCeH 13.66 0.05 -0.6  This study
(-14) CH,CCCCH :M;+8 13.9 -0.02 78.2 This study
(15) CH,CCCCH+ H sMs C 11.19 0.83 -0.6  This study
(16) CH,CCCCH+ H sMs C 9.44 1.47 102 This study
(17) CH,CCCCH+ H M5 C 9.39 149 12.7 This study
(18) CHCCHCCH +sHd Y C 905 144 39 This study
(199 CHCCHCCH +sHd Y C 912 144 43 This study
(200 CHCCHCCH +sHd Y C 881 143 6.1 This study
(21) CHCCHCCH +sHd Y C 9.04 146 5.8  Thisstudy
(22) CHCCHCCH +sHd Y C 1139 0.73 -0.3  Thisstudy

(23) CH. CCCCH + sH4 Y C 11.06 1.00 4.2 This study

(24) CHLCCCCH + sH4 Y C 10.92 1.07 -0.2 This study

(25 CHCCCCH + ¢ Y C 1089 1.09 0.7  Thisstudy

(26) CH. CCCCH + sH4 Y C 11.73 0.85 -0.3 This study

(27) CHa+ H M5 C 12.82 0.3  0.77  This study

(27) CeHsY @Ela+H 17.73 -0.55 115.5 This study

(28) C5H4 + C6H5CH3 2 C5H5 + C6H5CH2 3.65 2.37 3.3 This study

(29) GCsHsz 3+ CH» 13.80 -0.1 62.3 Kernetal?®

(30) CeHez s+ H 16.76 0 116.0 Ranzi et af®

(31) CgHsg+ H gHs+EL 1460 O 7.2 Sivaramakrishnan et &i*
(32) CgHsz o0-CsHs+H 12.63 0.62 77.3 wangetaf®®

(33) CgHsCHs;+ H 4B +CHs 13.76 O 8.1 Oehlschlaeger et af°
(34) CH3 + C6H5CH3 2 C4H|' C6H5CH2 1250 O 0 Oehlschlaeger et éjg
(35) C5H5 + C6H5CH3 2 £E|6 + C6H5CH2 1390 O 11.9 Oehlschlaeger et éjg

®Rate coefficients in the form k = A&xp(E4/RT), where A [cm, mol, s, K] and,fkcal/mol].

PRate coefficients reported by Klipperistet al*® have been used for other pressure conditions.
‘See text for rate coefficients that should be used for other conditions.

Other rate coefficiets reported by Moskaleva et?f have been used for other pressure conditions.
*Rate coefficients reported by Zhang et?ahave been used for low pressure conditions.
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Table 9. Thermochemical data used for the kinetic simulations.

Species DH; %08k [kcal/mol] Spesx [cal/(mol K)]
CeHsCHs 11.95% 76.57
CsHsCH, 49.00° 76.04

CiHs 78.90 75.70
CoHs 108.1 77.00

#Thermodynamic data used for toluene and for all the other species not listed into the table are fraam the dat
base of Burcat and RuscBurcat A.; Ruscic B., Tind Millennium Ideal Gas and Condensed Phase Therm
chemical Database for Combustion with updates from Active Thermochemical Table€)5%20 and TAE

960 TechnionllT, Aerospace Engineering, and Argonne National Laboratory, Chemistry Division,ngepte
ber 2M5; ftp://ftp.technion.ac.il/pub/supported/aetdd/thermodynamics

®Sivaramakrishnan, R.; Tranter, R.S.; Brezinsky, K. J. Rbgem.A 2006, 110, 938®399;

“BraunUnkhoff, M.; Frank,P.; Just, T. H. Ber. BunseéBes. PhysChem. 1990, 94, 1417425;

YRuscic, B.: Boggs, J.E.; Burcat, A.; Csaszar, A.G.; Demaison, J.; Janoschek, R.; Martin, J.M.L.; Morton, M.;
Rossi, M.J.; Stanton, J.F.; Szalay, P.G.; Westmoreland, P.R.; Zabel, F.;,BerdeRhys. Chem. Ref. Data
2005, 34, 57356.

5.5.2. Comparison with Experiments

The kinetic mechanism of toluene pyrolysis reportedable 8 has been used to reprodude li
erature data measured in different shock tube experiments. déwasets were considered: the H
atom shockubeARAS data of Sivaramakrishnan et &P, Eng et al’™* and BraunUnkhoff et
a|.152

Sivaramakrishnan et #° studied the thermal beyl decomposition usings8sCH,Br as benzyl
radical precursor. As reported also by Jones ét®ddenzyl bromide decomposition is instargan
ous, with no ompeting reactions, and produces benzyl radicals with concentrations equal to those
of the GHsCH,Br precursor used for each experiment. Moreover, in these experimentilutad
reactant mixtures wengsed with the aim to avoid secondary reactions inmglH-atoms produced
during the pyrolysis. The reactiontCH,Br Y CgHsCH, Br (k=5 x 18%exp {25416 K/T)f*®
has been added to the kinetic schemeatfle 8 to model the experiment performed at 1573 K and
0.67 bar. The Fatoms experimental trend and model predictions are compaFéglire 48.

The agreement between experimental data and model predictitese diluted fuel conditions
is good, in particular considering that no model parameter has beertdauhesge experimentakd
ta. As mentioned, the kirietconstants reported ifiable 8 for fulvenallene have been taken from
our studyon fulvenallene decomposition kineti@§1t is worthwhile to remember that in thabrk
two different sets of kinetic cetant have beereported, wigh differ as in one case intersystem
crossing (determined by the spin orbit coupling coefficiess) lHetween the singlet and the triplet
PESwasconsidered in the calculationghile in the other it was assumed that isystem crossing
was not limiting.As it is difficult to calculate the effect of intersystem crossing on a rate constant
accurately, simulains have beemperformed twice considering in the first case that intersystem
crossing is not limiting (without &) and in the second accounting fatarsystem crossing (with

Hso). The production of H atoms is only slightlyns#tive to intersystem crossing effects
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Figure 48. Comparison between-Htom experimental dat® (symbols) and model predictions
(dashed lines: without & solid line: with Hso); T = 1573 K, P = 0.67 bar, [¢HsCH,Br], =
1.585 x 16 molecule/crh

Rate of production analyses have been performed for the main species involvedgis@id,C
pyrolysis, evidencing that the two proposed decomposition channels are equally itngoitar3
K and 0.67 bar. About 51% of the benzyl radicals decompose to form fulvenallene and gtomic h
drogen, while the remaining part is decomposed vig €irhination to produce -€¢H,. It is im-
portant to point out here that the relevance of tagHy channel relies in part on the scaling of the
kinetic constant of this reactiaio literature theoretical data for toluene decomposition, as di
cussed in the {1, kinetic section. Neglecting this correction would decrease the importance of the
0-C¢H4 channé The good agreement with the H puation data reported iRigure 48 however
seems to support the reliability of the adopted procedure, as any change-sthekimetic can-
stant would affect proportionally the production ratatwimic H.

C¢H:CH,

-H - CH,

N

-H
C5H4 C.’THS/'
CSH3 C3H3

Figure 49. Decomposition pathway of the benzyl radicall&73 K and 0.67 bar calculated for
the simulations ofite experimental data éfigure 48; the thickness of the arrows is proportional
to the channeled reactive flux.
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Figure 49 summarizeghe decomposition pathway of the benzyl radical at 1573 K. The main
products of the benzyl radical decompositiogki£and eCgH,, further decompose to,8s, CsHy,

C4H>, and GH.. In particular, 71% of €-sH, decomposes to £, and GH,, making this the main
channel for the production of acetylene in benzyl (and thus also toluene) pyrolysis in thie invest
gated conditions. Consistently with these results, it can be observedthaan@d GH, are can-
monly detected in toluene pyrolySiSor rich flames and it is thus reasonable to ascribe their fo
mation to the decomposition of@H,.'** However, the formation of-G¢H, is usually conslered

in kinetic mechanisms as a preliminary step toward polycyclic aromatic hydrocarbons and soot
formation or it is associatedlith phenyl radical pyrolysi&*??*?%522" Since in these conditions
CeHs is practically absent, it is possible that benzyl decoiitipoghrough eCsH, could be the
planation for the presence of bothHz and GH, observed among the toluene pyrolysis products.
On the other hand, it is confirmed thatHg plays a key role in benzyl radical decomposition,
though its direct contributioto GH, formation is only partial; about 40% ofld; directly prodwe-

es GH, and a cyclic gH, species, while 54% decomposes tbifradicals and atomic H, thus-a
fecting the overall Fatom production/consumption mass balance.

The proposed kinetic modealas successively used to simulate some of the stubek exper
mental studies of toluene pyrolysis performed by Eng €t ahd BraurUnkhoff et al**?in a wide
temperature (1463705 K) and pressure (G7Lbar) range. In toluene pyrolysis, more pathways
than those active in benzyl decomposition can contribute to the producticatofrid, so that it is
interesting to check whethéne sinple mechanism ofable 8 is ableto reproduce experimental

data
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Figure 50. Comparison betweeH-atom yield time profile measured during the pyrolysis bf to
uené’* (symbols) and model predictions (dashed lines: withaig Bblid line: with Hso) for dif-
ferent condibns: a)T = 1705 K, P = 0.1 barjC¢HsCHs] o = 4 x 10" mol/cnt; b) T = 1602 K, P =
1.6 bar, [GHsCHg] o = 1.2 x 10" mol/cnf.

Figure 50 shows a comparison between thatdm yield time profile measured during the p

rolysis of toluer by Eng et al’' and the model predictions. As the authors foatistinct incul-
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tion time (about 40vs) in the Hatom measures performed at 0.1 bar, the experimental trend of
Figure 50a has been shifted to remove this incubation per@@abd agreement between exper
mental data and model predictions (it is worth noting again thatat®l parameter has been tuned
on these experimental data) has also been obtéonekdis case. The model repluced the trends
obtained both at 0.1 and 1.6 bar, showing an excellent agreement oves 90t the exper
mental profile found at 1602 K arid6 bar Figure 50b).
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Figure 51. Comparison between measureeatdm productiofr? (symbols) and model predi
tions (dashed lines: withoutdg solid line: with Ho) for various conditions, namely: a) T = 1465
K, P =7.01 bar, [GHsCHs] o= 4.2 ppm; b) T = 1545 K, P 2.91 bar [GHsCH3]o=5 ppm; ¢c) T =
1555 K, P =1.92 bar, [¢HsCHs]o = 19.3 ppm.

Finally, the Hatom production experimentally measured by Bralmkhoff et al***is canpared

with the kineic model predictions ifrigure 51. With respect to the previous two datasets, these
experiments have been performadawver temperatures (146555 K), higher pressures (1-91

7.01 bar) and relatively high toluene concentrations-19.3 ppm), so that it is reasonable 1o e

pect an important influence of the secondary chemistry on the experimental ¥edaltsy good
agreement between experimental data and model predictions has been obtained, especially in the
short time scale (<26800ns) where a negligible contribution of other chemistry than that donsi

ered here is expected. It can be observed thatokh formation is slightly undpredicted for
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T<1500 K fFigure 51a), where toluene is only partly consumed andzlgeand fulvenallene seem
to be quite stable prevengrihe following dehydrogenatiom-atom formationon the other hand
can be slightly ovepredicted aihigher temperature§igure 51b-c), where both toluene and e
zyl decompositias occur quantitatively and the most stabjesgecies is &Hs.

CgHsCH,

- < CH,

—

T = ~C4HsCH,

- CH,

CH,CCCCH , ,
H

* /:HCHZCCCCHZ

c5H3

C,H

Figure 52. Decomposition pathway of toluene at 1602 K and 1.6 bar (solid lines) calculated for
the simulations of # experimental data dfigure 50b; dashed lines represent the reactions that
contribute to the production of H atoms. The thickness of the arrows is proportional to the cha
neled reactive flux.

The reactive fluxes corresponding to the experimental conditioRigofe 50b were investigt
ed to determine the decompawmit pathway of tolueneFjgure 52). With respect to the analysis
previously performed for the benzyl radicals, in this case the contribution of secondary reactions
cannotbe completely neglected because of the higher reactant concentration and presswee. The d
composition of toluene proceeds through two competinglparaactions: @HsCH; Y CgHsCH,
+ H and GHsCH; Y CgHs + CHs. Benzyl formation is the dominant channelaigreement with
literature findings>'"*

As also depicted ifrigure 49, benzyl adicals are involved in two decomposition channels: at
1602 K and 1.6 bar about 55% ofHGCH, undergoes kelimination (GHsCH, Y C;Hg + H) to
give fulvenallene, while the remaining part is decomposed vigeliination to produce-€sH,.
The pathway that involves;@pecies as intermediate productsH§CH; Y CgHsCH, Y C/Hg Y
C;Hs, has the main role in the-&tom production wittan overall contribution of 96%. Only ai-m
nor contribution is due to theg8s Y 0-CgH, channel. Concerning 8, formation, the GHg con-
tribution is 23%, while the -&€¢H,4 contribution is about 60%, confirming that the reactieGsbl,
Y C,H, + C,H, is the man channel for gH, formation. Figure 52 evidences the presence of a

secondary active pathway that invohe$ew H-addition reactions to several linear or cyclig C
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species (GHs Y £, Y &), followed by the cyclopentadienyl radicecomposition to ¢Hs
and GH,, which globally gives a 10% contribution to the overall acetylene production.

Summarizing, the good agreement (both qualitative and quantitative) between predicted values
and experimental findings obtained with the new tieagathways proposed in this work suggests
that the subset of reactions hereposed and reported Trable 8 can be used to complement more
detailed and complex kinetic mechanisms for the description of high temperature reastbns i
ing fulvenallene, benzyl radicals, toluene, and/or melbleyizenes.

5.6. Concluding Remarks

The decomposition kinetics of fulvenallene and benzyl was investigated using RRKM/ME the
ry studying the reaction dynamics on a comprehensive PES in which éawentluded the most
relevant intermediates and reactive paths. The structural and energetic parameters needed to carry
out the simulations were determined throaghinitio calculations.

It was found that @H¢ can decompose mainly through two reactiorarstels: direct H
elimination to form the fulvenallenyl radical and decomposition to cyclopentadienylidene and
C,H,. Our calculations demonstrate that both reactions are feasible and are likely to happen with
almost equal probability if the intersystem aing probability is explicitly considered in the aaic
lations. However, if intersystem crossing is fast, the decomposition to cyclopentadienylidene and
acetylene becomes significantly favored, in particular at high temperatures and pressures. Further
expermental studies focusing directly on theHg high temperature reactivity would help greatly
to achieve a better comprehension of the mechanism of this important reaction, in particular co
sidering that several s isomers, notably phenylcarbene, can edpced directly from the
thermolysis or photolysis of phenyldiazomethafie.

Another main result is the identification of the two main benzyl decomposition pathways and the
estimation of channel specific kinettonstants. The results of thb initio and RRKM/ME cala-
lations predict that benzyl decomposes to fulvenallene and benzyne with similar rates a-temper
tures and pressures comprised between 1500 and 2000 K and 0.013 and 10 bar. Thereds thus a r
markablesymmetry between the toluene decomposition reactions, which lead to benzyl and phenyl
and to the respective production of methyl and atomic hydrogen, and benzyl decomposition pro
ucts, which involve as well the production of the same secondary products

The combination of these two set of results led us to the formulat@meiv kinetic mechanism
for the pyrolysis of toluene and the decomposition of the benzytaladi is interesting to notice
that he mechanismroposecereis not compatible with thassumption often used in theeliature
that benzyl decomposition can effectively be described through a lumped reaction whose products

are the cyclopentadienyl radical and acetylene. The present calculations in fact shalththegh
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the cyclopentadigiiidene diradical can be considered among the most important benzyl decomp
sition products and it is reasonable that in combustion environments it rapgicliy to form the
cyclopentadienyl radical, the propargyl radical and diacetylene are produceghat fates. As
diacetylene is often found among the products of toluene pyrolysis, it would be interestkag to e
tend the present kinetic analysis to the study of the chemical composition evolution observed in
toluene reactive environments. This howeverunes a significant extension of the secondary
chemistry of the kinetic mechanism propo$ede, as well as a detailed analysis of diacetylene r
activity.
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6 New Reaction Pathways
Active in Cyclopentadiene
Pyrolysis
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Figure 53. b-opening reaction mechanism leads to the formation of major pyrolysis products
within the cyclopentadienyl plus cyclopentadiene reaction.

6.1. Introduction

The cyclopentadienyl radical (¢ds) is often formed in high concentrations during the cosabu
tion andpyrolysis of many hydrocarbons. Its chemical reactivity has thus been the subjectrof seve
al experimental and theoretical investigations. The most studigds c€actions include the add

219228230

tion of hydrogen to give cyclopentadiene {£), the reaction with methyl to form

methylcyclopentadiene and its decomposition prodiitts! the decomposition to acetylene and
C4H,, 228230235237 tha addition of acetylene to yield the cycloheptatrienyl radicajHeG 42382%°
and the reactions with ¢Bs and cGHs to give naphthalene and indefi&***** Though it has
been proposed that the two latter reactions play an important role in the initial stages of-soot fo
mation?***° their reaction kinetics is still not fully understood.

The kinetics of the reaction between twosldEradicals has been the subjettseveral invest
gations since it was proposed by Melius et*hthat it can be one of the major productionhpat
ways for naphthalene. The insertion of this reaction path into complex kinetic mechanisms and the
simulation of several sets of experimental pyrolysis data rapidly confirmed the consistency of the
proposal?**?*® so that this reaction is now present in most combustion mechanisms. While there is

a general consensus in the combustion kinetics communityhibataction is an important pat
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way for the formation of naphthalene for most combustion environments, its elementary kinetics
has been the object of some discussion. A good example is given by the recent publication of
Mebel and Kislo* who proposed that the product of thesldC+ cGHs reactionis not a direct
naphthalene proairsor, but a bicyclic gHg isomer, the H-fulvalenyl radical, which may vyield
naphthalene only after a successive H atom loss. In particular, the same authors propose that above
the relatively low temperature threshold of 1000 K the major reaction graxlfuivalene rather

than naphthalene.

Similar computational approaches were used to investigate the potential energy surface (PES) of
the reaction between €8s and cGHs, identifying several possible reaction chan&§”? Though
the calculations were performed at a relatively high level of theory, considering the complexity of
the PESs and the large nioen of involved atoms, the reliability of the computational predictions
suffers from the lack of an adequate quantitative comparison with experimental data.

Recently, two new experimental studies focused on the detection of the product of the pyrolysis
of cyclopentadiene have been publishE&° giving a new set of data against whichvalidate
theoretical kinetic predictions of possibaction pathways for gBs. The first experimental work
was published by Butler and Glassman and reports measurement of the major species produced
during cyclopentadiene pyrolysis an®Thedatadat i on
were collected between 1100 K and 1200 K for different equivalence ratios. In the second work,
performed by Kim et af>° the main aromatic products of g€ pyrolysis between 823 K and
1223 K were collected and measured using gas chromatography coupled with mass spectroscopy.
These studies provide anprtant source of experimental data to test and validate rate constants
calculated for kinetic pathways involving ¢4 as a reactant.

In this framework, the purpose tife present work is to study the kinetics active duringHzC
pyrolysis This goalhas been accomplisheding first principls calculations to investigatie re-
active PESs, which has been followed by integration of the master equatstiniae channel
specific kinetic constantand successivesimulaton of the available experimentdata through a
detailed kinetic mechmsm. More specifically, the aim of this study has beewused orthe anagy-
sis of the reactivity between ¢@s and cGHeg, and betweerCsHs and cGHs.

The PES of the reaction betweensgand cGH; has already beestudied by Wang et &f°
and successively by Kislov and Meb&Wang et alinvestigated four possible reaction pathways
that can be originated by the addition ofldgto cGHs, includinga GC b opening pathway and
an oO6intramol eculardé pathway i nvolSwcessiyelythibe f or ma-
second reactiomechanism has beémvestigated in greater detail by Kislov and Met§élyho d-
so provided a first estimate bigh-pressurechannel specific kinetic constants. In the present work,

the GgH11 PES has beefurther reexamined, with théntent of investigatingwhether the C&7
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d*#*®within this groupjs actve on thisPES and

ring expansion mechanisrhat has beepropose
if otheralternative reactive channels faster than those already identified may exist.

The PES generated by the reaction of twgHzCadicals, as mentioned before, has been invest
gated first by Melius et al. and later by Mebel andlé. In particular, the last authors proposed
that naphthalene could be produced only by agtep mechanism. Moreover, it was interesting to
find that also this mechanism, as the one proposed in their investigation qfttheRES follows
the formaton of a tricyclic species. Starting from this standpoid,revised agaithe GoHio PES
with the intent of finding whether a reaction mechanism leading to the formation of a dirket nap
thalene precursothat is alternative to the mechansproposed byMelius et al.and Mebel and
Kislov, is possible.

The present chapter is organized as follows. In section 6.2 is presented a brief description of the
electronic structure methods and the kinetic theories here adopted. In section 6.3 and 6.4t-are repor
ed the analyses of the,gH;; and G¢H,o PESs respectively and the estimation of the chanmel sp
cific rate constants as a function of pressure and temperature. In section 6.5 is reportedia compar
son between model predictions and experimental measurementky, Biome concluding remarks

will be discussed in section 6.6

6.2. Computational Methodology

6.2.1. Electronic Structure Calculations

The GgHi1 and GoH; o PES wereinvestigated determining structures of wells and saddle points
using density functional theory (DFBY the B3LYP/631+G(d,p) level®'®® Frequency analyses
were performed for all the stationary points at the same Iévubkory. All transitions states were
located using a synchronous transit guided saddle point search alg8rithchwere charactesd

by a single imaginary frequency.

Ci10H11 Energies

At a first level of approximationfor the GoH;; PES,the enegy of each stationary point has
beencalculated at the restricted CCSD(T) level using thp\MDZ basis set on DFT structures and
then exteded to the infinite basis set through an MP2 extrapolation scheme as:

066 "YF66"Y
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The energy daulation scheme of equatiqnl38) has the purpose of correcting the CCSD(T)
energy with the difference between the extrapolated complete basis set (CBS) MP2 energy, calc
lated as suggested by Martii,and that determined at the MP2fi¢DZ level. MP2 calculations
have beeperformed using restricted wave functions and a basis set density fitting procedhire to r
duce the computational cdst.All energies have beecorrected with Zero Point Energies (ZPE)
determined at the B3LYP/81+G(d,p) level. Severaédst calculations showed that relative energies
on the GoHy; PES computed through equati¢ri38) are comparable within 1.5 kcal/mol with
those determined with CCSD(T) energies extrapoltdettie CBS limit using thenore compu-
tionally expensive c¢pVDZ/cc-pVTZ extrapolation scheme wadopted to investigate the,Hg
PES:!.83184

In order to improve the lev@®f accuracy of the calculations, the energies of the saddle points
whose reactioffluxes are rate determining haaksobeencalculated using the ROCB3B3 meh-
odology proposed by Wood et?f This computational approach hasendesigned tormprove the
level of accuracy of reaction energies calculated using the@®BSapproach when spin contam
nation is relevant, thus eliminating the need to include the-@BS empirical corrections factor
for spin contamination. This is acgoplished performing the calculations using spin resttievave
functions. The mean absolute deviation of bond dissociation energies for a seeoéredyspin
contaminated species calculated with the ROCHS model is 0.86x 0.36 kcal/mol, slightly
smdler than that of the standard unrestricted &@BB3 version, 1.15+ 0.36 kcal/mol. A few test
calculations performed at the UCCSD(T) level showed in fact that spin contamination for several
transition states can be high, as indicated by T1 diagnostic Vahges than 0.02. There are two
further points that indicate that energies calculated with the ROCBS model are moeteafor
the case under investigation than theg&apolated through equati¢ri38). The first is that the
ROCBS model, awith all the hybrid methodologies and differently from CCSD(Xir&polation
schemes, uses empirical correction factors tuned over experimental data to account fordrasbis set
othereffects. This is particularly relevant when the humtifebonds changes in the reaction, as is
the case for the formation of W1 froe@sHs andcCsHe, a reaction that plays amportant role for
the system under investigation. The second is that the ecaligyation scheme of equati¢ri38
) is based, for computational limitations, on@pd/DZ/cc-pVTZ extrapolationandtherefore -
trapolates from a relatively small double zeta basis set. In order to test the level of error introduced
by the use of a DZ/TZ extrapolation we deterrdirthe 0 K cGHs-H bond energy using a
CCSD(T) cepVTZ/cc-pvVQZ extrapolation, equationl38), and the ROCB®)B3 model. The e
ergies so computed are 81.6 kcal/mol, 82.4 kcal/mol, and 81.1 kcal/mol, respectively.eshkse r
showthat the DZTZ methodology is in error by at least 0.8 kcal/mol with respect to the higher
level extrapolation scheme and that the ROCHE3 and the CCSD(T) egVTZ/ccpVQZ ene-
gies are in good agreement. This suggtsisthe ROCBSQBS3 energies are prably more ace-
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rate than those callaied through equatiopn138). Because of these considerations, we estimate an
uncertainty for the energies computed in this work-gfkcal/mol.

CioH10 Energies

Energies for each stationaryipblaying on the GHs, potential energy surface have beahu-
lated at the CB®)B3 level as proposed by Montgomery ef°3lwhich combines th€BS-Q en-
ergy estimation protocol with B3LYP DFT optimized geometries and frequerkoeshis PES
spin contamination has beenufa to not be an issue, hence the GEE3 approach has been
deemed appropriate to estimate the energies of this systemeactions without a satke point we
determinedhe PESscanning the reaction coordinate at the unrestricted B3L-3P#&s(d,p) level
using a broken symmetry guess for the wave functguccessively this PES has beescaled
over the CBSQB3 reaction energy.

All DFT, ROCBSQB3 and CBSQB3 calculations have beg@erformed using the Gaussian 09
suite of progranfswhile MP2 and CCSD(T) calculations have belene using Molpro 2008.

6.2.2. RRKM/Master Equation Calculations

Microcanonical rate constants k(Efbr each reaction channel have betstermined using
RRKM theory as a function of energy E amyalar momentum J from the density of stateseef r
actants andransitions states at energieps of 1 ci and J steps of The k(E,J) rate constants
were then averaged over J as suggested by Miller'ttatetermine 1 crhspaced k(E) rate oo
stants. The k(E) rate constants were succdgdiveped into energy bins of 100 &rwhichyield-
ed aconsterabk reduction inthe computational cost while retaining good numerical accuracy, as
found in previoustudies'®'®

In the evaluation of the rate constants, the possibility that low frequency vibrations could dege
erate into hindered rotors was explicitly considered by investigating theoratbRES. When e
essary (i.e. for relatively small rotational energetic barriers) the corresponding partition function
was calculated using a hindered rotor model, with energy levels deterhbyirsediving the Schi-
dinger equation for a one dimensionailstonal rotation on a rotational potential surface computed
at the B3LYP/631+G(d,p) level®? Themoments of inertia for the torsional rotations were cateula
ed with respect to the rotating bond axis and reduced to account for the conjunct rotation of the two
moieties as I5l./(1;+1,). This approach corresponds to the 1(2,1) level in the East arahrReles-
sification.® The calculatediensities of states were convoluted when the hindered rotors were more
than one.

The microcanonical rate constanydE) for the entrance chansedf PES GoH;; and GoHio
(cGsHs + cGHy giving the W1 addugtwith X being 6 or 5 depending on the reactomsidered)
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have beertomputed through microscopic reversibility from the adduct decomposition reastion
explained in section 3.3.5 of Chapter 3. In particklg{E) has been calculatexs:

M 0O Q O 4 A 5 © 5 0
S C C 0 0
e (139)
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B . oY O TGOou'Y O

wheres; is the rotational symmetry number tige electronic degeneracy, and®the translatio-
al partition functions of adducts and reactarﬁii§3$\1/ (E + EO) is the 1 crit spaced rovibrational

density of states of the adduct, and it is divided by the convoluted density of states of thetwo rea
tants. The energy E &fi.{E) is measured from its first non zero term (i.e. at the PES saddle point),
E, is the activation energy of the reaction cadtet with respect to W1, ang.Hs the reactionre

ergy change.

For the GoH;1 PES no barrierless reaction has been encountered, while foggtg BRES both
the entrance channel and all the exit channels are characterized by loose transition statdse Sin
reaction cGHs + cGHs does not have a saddle poiki.{E) has been determined using the [E;J r
solved variational transition state theory. The transitional modes of the entrance channel have been
treated in the harmonic approximation except fer titrsional mode, which has been treated as a
hindered rotor. The same approach has been adopted to calculate the microcanonical irate coeff
cients of the H dissociation channels.

In order to determine the level of error associated with the evaluatitwe odte of H dissoat
tion reactions using variational transition state theory we computed the kinetic constant éor the r
action of addition of H to cls using the same approach. The kinetic constant so determined is
about a factor of 1-4.5 smaller thathat determined by Harding etZf.using a higher level of
theory. Considering the several approximations af &ftiproach, and in particular the estimation of
the PES using a single reference theory and the use of the harmonic approximation to calculate the
partition functions of the transitional modes, it is reasonable to expegicartainty factoof 2-3
for these reaction channels.

For the rate of the entrance chanadhough the uncertainty is probably higher, its effect on the
calculations is diminished by the fact that this is the main exit channel fromdHg BES, so that
reactants and entrance watke in a pseudequilibrium. This translate® a low sensitivity of the
overall rate constant to the rate of this reaction. Two test calculatidiosrped at 1500 K confirm
that increasing or decreasing the rafiethe entrance channel by a factor of #Hees the
RRKM/ME rate constants of the exit channels by a maximum factor of 1.4.

The density of states of ¢ds, a molecule that is characterized by Jaktier distortion, was
calculatedby treating the low frequency mode arising from the Jaéler efect as a free rotor as

suggested by Katzer and Sa&%The adopted rotational constant, 230”¢cris the same used by
120



New Reactive Pathways Active during Cyclopentadiene Pyrolysis

Katzer and S&x* and by Sharma and Gre&fThe cGHs entropy calculated at 1200 K, i97.6
cal/mol/k, in good agreement with the 108.1 cal/mol/K calculated by Sharma and Green using a
similar approach and the 108.2 cal/mol/K calculated by Kiefer 2t mitegrating the Schrédinger
equation considering explicitly the electromibrational coupling. The cfEls geometry used in all

the calculations is the,(zground state structure optimized at the B3LY¥B168-G(d,p) level, while

the rotational symmetry number is 10 and the electronic degeneracy 2.

The contribution of quantum tunneling to microcanonical rate constants was explcitgg-
ered for all reactions with imaginary vibrational frequencies larger than 130Qsimy Eckaff
tunneling probabilitiesis ascribed in section 3.3.4 of the Methods chapter.

It is worthwhile to mention thataeh simulatiorstarts from an entrance well an energy Eat
termined stochastically by sampling the microcanonical reaction rates calculated assuming a
Boltzmann populabn for the reactants. Channel specific rate constants aredtmnatedoy mul-
tiplying the ratio between the number of reacted molecules for each reaction channel and the total
number of reacted molecules by the hpghssure rate constant of the entenhannel. An impdi-
it assumption of this approach is that secondary bimolecular reactiomdgrigvoollisionally stalr
lized wells do not affect the master equation dynamics, scthieabnly possible fate of the imte
mediatewells is either to decoposeto reactants or go to the producifie decomposition to rea
tants is explicitly considered and is in competition with the other possible reaction channels. The
kinetic constants so determinbdweverare reaction fluxes and not phenomenological ratefieoef

cients

6.2.3. Kinetic Mechanism and Experimental Data $mulations

The pyrolysis and oxidation mechanism of hydrocarbons up to C16 adoptedPféréaansis-
ing of over 10,000 reactions and more than 300 species, was developed based on hieracthical mo
ularity. Thermochemical data for most species were obtained from the CHEMKIN thermodynamic
databas®&® and from Goos et &F° The group additive method was used to estimate the properties
of those species whose thermodynamic datanarevailable in the literaturé® The complete ik
netic mechanism, with thermodynamic and transport properties, is avaidab&e CHEMKIN far-
mat on the weB” All numerical simulations were performed with the DSMOKE and
OpenSMOKE code®? The BzzMath 6.0 numerical library was adopt&d.

6.3. Kinetics of the cCsHs + cCsHg Reaction

The discussion of the results is organized in three sections. The piostsréhe analysis of two
reaction pathways on thedB;; PES that follows the addition of ¢ds to cGHg andthatwas pe-

formed usingab initio calculations and a simplified analysis of the reaction kinetics. In the second
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section the results of the maseguation calculations and the estimation of channel specific rate
constantsare reported, while in the third the calculated kinetic constants are used to simulate the
available experimental data using a detailed kinetic mechanism

6.3.1. Analysis of the Potental Energy Surface

The portions of the {gH;; PES investigated in this work are two and reflect two different-inte

pretations of the reactivity of this system.effirst reaction pathway studied here has Isssmched

under the assumption that the reacti@tween cgHs and cGHg involves a succession of ringreo
traction and expansion reactions. |t i s thus <co
suggested by Wang et#f.and further examined by Kislov and MeB&ljn which the formation

of a tricyclic species plays a dominant role, a@sembles the pathway that hasm@roposed for

the reaction between two ¢d; radicals to give naphthalerad two hydrogen atonid: The -

cond raction pathway hassteadbeenformulated on the basis of the asgtion that any progress

in the unimolecular reactivity of thes8s_CsHe adduct formed as a result of the addition gfi§xo

CsHg requires as a first step a ring opening reaction, and is thus similar tbdpening reaction

pathway suggested by Wang ef“l.

C5-C7-C6 Reaction Rithway

The first reaction mechanism investigated is an extension of tH&7&X mechanism that has
been recently proposed as a possible route of conversion of C5 to C6 ringsidts ambntaining
two C5 rings connected by a covalent boffd:he C5C7-C6 mechanismwas first proposed taxe
plain experimental evidence showing thattdCand acetylene can react to give Al€isomer?®
which has beenidentified on the basis of successive first principle calculations as the
cydoheptatrienyl radica?® The mechanism proposed for this reaction involved the formation of a
C.H,_ GCsHs adduct, followed by cyclization to a bicyclic intermediate contgird4 and C5 adf
cent rings and by a ring expansion to a seven membered ring to gite bCa successive comp
tational study ti has beershown that c¢H; can efficiently be converted to the benzyl radical
through the addition and subsequent loss of adygh atont’* The extension of the G67-C6
reaction mechanism to the reaction betweesHg@nd cGHg leads to the PES iRigure 54.

The reactio mechanism reported iRigure 54 shows that the reaction betweensidg and
cC:He is exothermic by about 14.1 kcal/mol and leads to the formation of the W1 adduct, which
can further react to form the tricyclic species Wi&rmoming an energy barrier that is about 3
kcal/mol smaller than that of the entrance channel TS1. Successively, W2 can undergo ring expa
sion to form the bicyclic species W3. This reaction has an activation energy that is about 11
kcal/mol higher than tit leading to the decomposition to the reactants through TS1, which favors

significantly the latter pathway
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Figure 54. Potential energy surface of the €&-C6 reaction pathway. Energies [kcal/mofi-i
clude ZPE corrections, wereomputed at the CCSD(T)Apd/DZ level, and extrapolated toeh
CBS limit

Successively two different reaction mechanisms are possible. The two mechanisms are parallel,
as they both lead to the formation of the same isomer, W6, which energy is compmathbteof
the W1 well. The first mechanism of conversion of W3 to W6 follows a reaction pathway similar to
that originally proposed for the @57-C6 mechanism, as it involves a ring expansion to ayc9 ¢
clic species W9, which can than cyclize again to giwebicyclic C6C6 W5 species, which is the
most stable well on this PES. A ring opening reaction then leads to the formation of W&-The s
cond mechanism is started by a ring opening of W3 and followed by a ring contraction of the C7
ring to the bicycliacC6-C3 well W8, which can then form W6 through greaing of the C3 ring.

W6 has two main reaction pathways: dissociation to benzene and the butadienyl ratijcal C
the loss of a hydrogen atom to give phenylbutadiene. An analysis of thpreggure kiatic can-
stants for the two reaction pathways performed at 1200 K shows that they proceed with similar
rates, with the first mechanism about a factfo? faster than the second.

The reaction mechanism shownhigure 54 is a selectin of the least activated reactions that
have been found while examining this reaction path and thus does not reflect to the full extent the
level of detail at which this portion of thedE;; PES was investigated. In particular, it can be n
ticed that H tansfer reactions are not present in this PES. This is due to the fact that intramolecular
H transfer reactions are generally hindered by high energy barriers on this PES, with respect to the

rate of decomposition to reactants, at the typical temperatirgkich experimental evidences i
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dicate that c€Hs and cGHg start reacting significaly (i.e. above 1100 K). This has beelmecked
directly by calculating energy barriers for several possible H transfer reactions. The only signif
cant exception to thisile will be discussed in the next section.

The reaction mechanism reportedriigure 54 can be compared at a first level of accuracy with
literature mechanisms by comparing the highest energy barriers that must be overcome to conver
reactants to products. It can thus be observed that the highest energy barrier characterizing this PES
is about 33 kcal/mol, measured with respect to W1, while the pathway indicated by Kislov and
Mebef* as the major indene formation channel has a maximumgerearrier of about 45
kcal/mol. Also, all the pathways proposed by Wang ét%ar this reaction network require ave
coming energy barriers of at least 41 kcal/mol. This is an important indication that{BéC5
reaction pathway is potentially significantly faster than the alternative reaction mechanisris repor
ed in the literature.

A more direct check of the feasibility of this reaction mechanism can be performed calculating
reaction fluxes over the PES with respect to W1 using classic transition state theory. Though the
rates so calculated are only upper bounds tadhlereaction fluxes, this approach can be effieien
ly used to exclude slow reaction pathways before doing computationally expensive RRKM/ME
calculations. The upper bound for the kinetic constant for this reaction pathway calculated assu
ing that the trarison through TS3 is rate limiting and accounting explicitly for decomposition to
reactants as a competitive process is 6.8&f/mol/s. This is significantly slower than the high
pressure rate of the entrance channel, 3.d@*mol/s. The reaction r@ for decomposition to
reactants through TS1 is much faster than the reaction flux passing through TS3, both because of
the lower activation energy and for the much highergxmonential factor, since TS1 has a rather
loose nature and is characterizedabyalmost free torsional rotor that is absent in TS3.

The upper limitthus calculated for the rate of the €&/-C6 pathway is significantly smaller
than the kinetic constant suggested by Butler &’ ah the basis of experimental evidences for the
production of indene from the reaction betweegHy@nd cGHg, 1.5x1¢ cm/mol/s, and it is also
much smaller than that estimated through fitting of experimental indene concentrati@@® a
in the present study (about®@n’/mol/s, see the kinetic section for details).

The rate of indene formation during 44 pyrolysis is here taken as an indirect measure of a
lower bound for the rate of the reaction betweegHg@nd cGHe since tley are, in these cond
tions, respectively the most abundant radical and chemical species, so that it is most likely that i
dene is the product of their reaction. The only possible competitive reaction channel, which is the
reaction between two ¢Hs radicds, is in fact likely to yield as a major product naphthalene, since
the lower number of H atoms in the reactants is likely to make the production of indeneienerget
cdly much less favored than that of naphthalene for stoichiometric redsemnse, evenanside-

ing the uncertainty of the calculations, such a high disagreement between the expectad-and co
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puted rate of the reaction betweenldCand cGHs clearly suggests that a reaction pathway that is
alternative not only to the G67-C6 mechanism here proged, but also to the reaction pathways
proposed by Wang et &° and ty Kislov and Mebef’* must exist. The search for this reaction

pathway is the subject of the next section.

b-opening Reaction Rthway

A preliminary analysis of literature reaction pathways of W1 revealed that the opening of the
CsHg ring through théo-openingof the GC bond adjacent to the covalent bond betweghh @nd
CsHs proceeds at a rate similar to that calculated for th&CZG&6 pathway. This is interesting
since the activation energy for this reaction, 42.9 kcal/mol, is about 10 kcal/mol highehdhan t
calculated for the GE7-C6 pathway. The reason why the two pathways have similar rates is that
the high preexponential factor of thé-opening reaction, whose transition states maintains the
CsHs_GCsHg torsional rotor of the W1 well, is significantlgrger than that of TS3. Despite this, as
mentioned in the previous section, the rate of this reaction is still significantly smaller (about two
orders of magnitude) than that consistent with experimental indene formation rates. However an
extensive searchf the GoHy; PES revealed that tHeopening activation energy can be substa
tially reduced if the hydrogen bound to the tertiary carbon of thig flhg migrates to a neighbo
ing secondary carbon. The PES of this reactidhvpay is reported ifrigure 55.

TS15 o o¢
429 ©

Figure 55. Potential energy surface of thieopeningreaction pathway. Energies include ZPE
corrections, were computed at the CCSD(TFp¥DZ level, and extrapolated to the CBS as d
scribed in equation 38. Energies [kcal/mol] calculated for key transition states at the ROCBS
QB3 level and used in the master equation calculations are reported between square brackets.
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Though the molecular structure of W1 and W9 are similarbtbpening activation energyed
creases from 42.9 kcal/mol (TS15) to 29.4 kcal/mol (TS13), which leads to an increase of the rate
for this reaction pathway of more than two orders of magnitude at 1200 K, thus making iticompat
ble with experimental evidences. The reason for the signtfdacrease of the activation energy is
that in this molecular configuration, upon opening of tlesCing, its twop bonds can conjugate
with the twop bonds of the €Hg ring, thus leading to the formation of the very stable W10 well.

The activation engy of the H migration reaction that is necessary to access W9 is 25.3
kcal/mol. Though this value is significantly smaller than that of many other H transfer reaations i
vestigated in this study, @ould be expectedRecentlywe have in fact extensivelgvestigated the
reactivity on PESs that are characterized by the presence of unsaturated C5 rings, sucjHas the C
and the GHs PESS?1#3184187 One of the findings of these studies is that the migration of H atoms
on functionalized €Hs-R rings is hindered by relatively low energy barriers. These reactions can
be classified as 1,5 sigmatropic H shifts. The facility of 1,5 sigmatropic H migrations iitsteglist
cyclopentadienes has been known for a long time and can be ascribed to trecslipettire of
the process, which thus stabilizes the transition state through resonance as prgdinted/oal-
ward-Hoffman rules.

From W10 two competitive reaction pathways are possible. The first and faster is started by H
transfer to the €Hg linearchain through TS16 and is followed by cyclization to the@B6bicyclic
well W13 and, upon a further H transfer, by the loss of methyl to give indene. The second is started
by a H transfer to form W11 and then by a ring expansion mechanism that reqagieg ffilom
TS21 and TS22 and leads to the formation of W6,8l{isomer whose reactivitiias beerstud-
ied for the CBC7-C6 mechanism that, once formed, decomposgsdly to benzene and
phenylbutadiene. Three alternative reaction channels connectingto&Hs; CHCCHCH,

C¢Hs_ CH,CHCHCH,, and GHs_ CHCHCHCH have beernconsidered. The activation energies
computed at the CCSD(T)/CBS level are 83.1 kcal/mol, 29.4, and 27.7 kcal/mol. The twe1atter r
actions have activation energies comparable to those of @88d0TS11. However, the pre
exponential factors are significantly smaller, so that these reactionethame not competitive and
havenot beenconsidered in the RRKM/ME calculations. Transition states parameters are reported
as supplementary informatidam ref 24 under the labels TS34, TS32, and TS33.

A further analysis of the reactivity on this portion of tbgH;; PES showed thaglthough the
main reaction mechanism is the one highlighteBigure 55, several parallel pathways are [goss
ble. The three more relevant secondaathways are shown Figure 56 andFigure 57.

The first parallel pathway connects W9 and W10 through a reaction mechanism that istdifferen
from the one shen in Figure 55. This mechanism is initiated by an initial H transfer on thdsC
ring leading from W9 to W16 and is followed by the successiyds €Cing opening reaction
through TS25 to W7, which easily isomerizes through H transfére more stable W10.
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This mechanism represents thus an alternative route with réepbet one reported iRigure 55

and that requires passing from TS13 and offers a second pathway to form W10, whicmpeate co
with the dissodition to reactants through TS1. The key energy barriers of the two steps are given
by TS13 and TS2%Although the activation energy of TS25 is about 2 kcal/mol higher than that of
TS13, this reaction pathway is expected to contribute about 30% at 120th& dwerall reaction

flux connecting W1 and W10.
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Figure 56. Potential energy surface of two mechanisms that proceed in parallel to thebmain
openingreaction pathway. The first connects W9 to W10, whiestitond provides aaohanism
for decomposition of W10 alternaé to those sketched figure 55, which leads to &inyl fulvene
and the vinyl radical. Energies [kcal/mol] include ZPE corrections, were computed at the
CCSD(T)/cepVDZ level, and extolated to the CBS limit. Energies calculated for key itaonrs
states at the ROCBSB3 level and used in the master equation calculations are repostegdn

square brackets.

The second parallel reaction pathway is a decomposition mechanism gfttheadduct that is
alternative to the pathways leading to indene, phenylbutadard benzene shown kiigure 55.
The reactions involved in this mechanism are H transfer to the C5 linear chain followed by a loss of
the vinyl radical tdform 6-vinylfulvene. Despite the high activation energy of TS28, this reaction
proceedsapidly because of the loose nature of the transition state. Unfortunéite (ROCBS
QB3 energy of TS28 could not be computed because of consistency moblatedto the spin
state during the CCSD(T) restricted open shell calculations. It is thus likely that therreate
for this reaction channel used in the mastmuation calculations is underestimated, as ROCBS
QB3 pralicts in general aactivation energyhat is systematically smaller than that cédted at

the other level of theory
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Figure 57. Potential energy surface of a mechanism of formation of phenyl butadienis that
parallel to that ofFigure 55. Energies [kcal/mol] include ZPE corrections, were computed at the
CCSD(T)/cepVDZ level, and extrapolated to the CBS limit. Energies calculated for key transition
states at the ROCBSB3 level and used in the master equation calculations are reportegdret
square brackets.

The third mechanisnfFigure 57) is as well an alternative decompaosition mechanism of W10,
which involves the formation of a spyrodecatrienyl intermediate (W19), and is followed, upon ring
opening, by the loss @ H atom to give phenylbutadiene, which can thus be produced through two
different transition states: TS31 and TSlIhladdition,in this case, TS31 is the fastest of the seve
al reactions that were studied when investigating the reactivity of the W20rwgdirticular,it has
beenfound that any H transfer reactidlikely to be significantly ufavored with respect to the
direct H loss process. Two different traitsi states have bedacated for TS29 and TS30, which

differ for the relative orientatits of the two methylene groups.

6.3.2. Master Equation Integration and Rate Constant Etimation

Master equation calculations have bgenformed considering explicitly the whateopening
reaction mechanispwhich is sketched ifrigure 55, Figure 56 and Figure 57. The C5C7-C6
pathway was not included in the calculations since, as mentaireit appears to be too slow to
compete with thé-opening pathway. Overall, the PES considered in thelledgicns cosists of 15
wells and 20 transitions states.

The master equation has besatved assuming that the bath gas is pure Argon, adopting-an e
ponential down model for the collisional energy transfer, and using as Lejoraed collision @-
rameters bthe bath gas and of the reactant the literature valugs=d3.75 A ande K = 113 K for

Argon?"ands = 8.0 A ande K = 600 K for all the GH,; isomers, which are the same values used
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by Vereecken et &f°to model the reactivity of &1y isomers. Since energy transfer parameters are
not well known for these molead, weassumed that the mean downward transfer enEgyy,

is 295(T(K)/300Y" cmi*, which is the value measurear fazulene at 300 ®® saaled with tempea-

ture using the proportionality suggested by Miller and Klippenstein ddg iSomers’®’

All parameters uskin the simulations, including vibrational frequencies, rotational constants,
rotational symmetry numbers, optical isomer numbers, inertia moments for hindered rotoos, and r
tational PESs for hindered rotors are reported in the supplementary inforofagdf®.

The simulgéions werecontinued until at least 250000 molecules had reacted (500000nfer te
peratures smaller than 1200 K to increase the sampling of slow channels), including alsmedecomp
sition to reactants among the possible reaction charindiseseconditions 6r each simulation a
minimum of at least 50 retice events have beabserved for each aetion channel. This number
has beertonsidered statistically significant & channel specific rates wearenverged to a ¢o
stant value (5%) for the &st 50000 reactive events. The only exception is thadfulvene
channel at 900 K, in which casaly eight reactive events have besyserved. The kinetic ce
stant for that charel has beetherefore interpolated between 1000 afB@@K excluding the @

K data. Allthe othercalculations have begperformed at 1 bar at temperatures comprised between
900 and 2000 K.

The results of the calculations are summarizeeignire 58, while kinetic constants interpolated

to the modified Arhenius equation as a function of temperature for all the considered reaction
channels are reported Trable 10.
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Figure 58. Kinetic constants [crmol™ '] calculated at 1 bar for the reaction betweenseg
and cGHgs for the different reaction channels. The kinetic constant for the reaction of decompos
tion to reactants is not reported as it is almost superimposed to the global kinetic tonkiah is

equal to the rate for thaddition of cGHs to cGHg to give W1.

129



Chapter 6

Table 10. Kinetic constants for the reaction betweentdCand cGHg interpolated between 900
and 2000 K as k = A®Bxp(Ea(cal/mol)/RT) in ciimol’s™.

Reaction Log A a Ea (cal/mol)
cGHg + cGHs A Indene + CH 25.197 -3.935 23108.
cGHg + cGHs A benzene + Hs 29.172  -4.515 40873.
cGHeg + cGHs A vinylfulvene + GH3 65.077 -14.20 74645.
cCHe + cGHs A phenylbutadiene + H 16.743 -1.407 23454,

As can be observethe fastest channel for the W1 adduct is decomiposib reactants, while
the main product up to 1600 K is indene. At 1200 K, the temperature at which most of the exper
mental data simulated in this work were taken, the main reaction products, after indene, are
phenylbutadiene, -@inylfulvene, and benzen&Vhile indene, phenylbutadiene and benzene were
observed by Butler and Glassriframong the products of the pyrolysis ofsElg this was not the
case for evinylfulvene. However botlthe experimental data of Butler and Glassman and those of

Kim et al?*®

report a significant presence of styreaestable isomer of-@inylfulvene, among the
pyrolysis products. Though no data are reported in the literature for the isomerizatien of 6
vinylfulvene to styrene, a few preliminagb initio calculations performed at the DFT levelr
vealed that no signifant barriers hinder its conversion to 1,5 dihydropentalene. The pyrolysis of
dihydropentalene has been studied experimentally by Dudek %% &ho found that its major
product is styrene and that the kinetic constant for the conversion of dihydropentalene to styrene is
10"1%%xp(29.1° 1/T). This means that at 1200 K the characteristic time for the conversion of d
hydropentalene to styrene is a few ms, which is significantly smaller than the residence time in the
experimental set ups considered in this study. This stggeat the vinylfulvene pathway can be
reasonably interpreted as a styrene production channel.

Also, it is interesting to observe thatthough phenylbutadiene is detected by Butler andsslas
man among the chemical species formed durirgg@yrolysis,its concentration rapidly reaches
a maximum value after which it slowly decreases as a function of the residence time. This suggests
that at the temperatures at whichsldgdecompose$o phenylbutadiene, after being formedijs
rapidly converted to morstable species. Consideritige phenylbutadiene chemical structure, the

most likely decomposition products are styrene and benzene
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6.4. The Kinetics of the GHs + CsH5 Reaction

6.4.1. Analysis of the Potential Energy Surface

The PES investigated here is composttvo parallel and competing pathways. The firstrea
tion pathway corresponds essentially to the first of the two mechanisms proposed by Melius et
al?! for the formation of naphthalene from the reaction between twblc@dicals. In fact, the
few new reaction channels located on this portion of the PES dofect stibstantially the overall
reactivity. This reaction pathway is characterizednlbyneroushydrogen transfers that can take
place on theC5 ringsof the W1 adduct and, upon the loss of a hydrogen digitine formation of
n-H-fulvalenyl radical speciesThe second reaction pathway insteaatieto the formation of-H-
azulyl radical species. It follows a mechanisimilar to the ong@roposed for the reaction between

¢GsHs and cGHg andinvolves a ring openingeaction as the kestep

n-H-Fulvalenyl Pathway

The first reaction pathway investigated is an extension of the mechanism proposed by Melius
and ceworker$® and successively fexamined by Mebel and KisléV. As mentioned, the mhe
anism is characterized by the loss of an H atom and the formationsbfsaC€H, radical, defined

as XH-fulvalenyl.
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Figure 59. Potential energy surface of theHifulvalenyl mebanism. Energies, expressed in

kcal/mol, were computed at the GB83 level.

In Figure 59it is shown the portion of the,gH,0 PES in which we analyzed all the possilde r
active channels leading to the formationnefl-fulvalenyl speies. The entrance channel into the
CioH10 PES is given by the recombination of twoselg radicals, which leads to the formation of
the W1 adducthamely9,10 dihydrofulvalene. The reaction is exothermic by 51.3 kcal/mol, which
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is in reasonable agreemenitivthe values calculated by Melius et al. with the BM®2 method
(52.1 kcal/mol) and later by Mebel and Kislov with the G3(MP2,CC) method (52.8 kcal/mol).

The adduct W1 can either dissociate to form tié-flilvalenyl radical and atomic hydrogen
isomeize to the W2 well, which is about 2.7 kcal/mol lower in energy than W1 thanks to the stab
lization determined by the migration of the involved hydrogen from a tertiary to a secondary ca
bon. The migration of the second tertiary hydrogen leads to W3¥as$ociated with a morerco
sistent stabilization of 10.3 kcal/mol, determined both by the formation of a strosdéo@d and,
more importantly, by the conjugation of thg4onds of the two C5 rings. The activation energies
for the two H transfer reaons are relatively small, only 25.1 and 18.8 kcal/mol. As mentioned in
the previous analysis the facility of 1,5 sigmatropic H migrations in substituted cyclopentadienes
has been known for a long time and can be ascribed to the suprafacial naturerofeks, pvhich
thus stabilizes the transition state through resonance as predicted by the Weddffraeah rules.

It is interesting to notice that the activation energy calculated for TS2, 25.1 kcal/mol, is in good
agreement with the 23 kcal/mol measuredvtlyLean and Hayné®.

The activation energies for all H migration reactions on the bicyclic W1 adduct and its isomers
are significantly smaller than those of the competing processes, whicteeomposition to rea
tants and dissociation into the fulvalenyl radical and atomic hydrogen. This indicates that scra
bling of H atoms will take place rapidly on this portion of thgHz, PES.

Among the possible decomposition channels, the direaba&sn of W1 into atomic H and a
C,0Hg isomer was not considered in this study. The reason ithibakaction was studied andneo
sidered improbable by Melius and coworkéfsas it showed an activation energy of 77.4 kcal/mol,
which is more than 15 kcal/mol higher than the alternative dissociation from Wijkhiid512,
which is barrierless and requires 61.4 kcal/mol. The lower activation energy of TS12 with respect
to that for decomposition of W1 is determined by the different resonance of the productso-The pr
tonation of the tertiary carbon in the radical proeld by W1 dissociation in fact inhibits the aonj
gation, and therefore the resonance, betweep bwnds of the two C5 ringa the product of W1,
which is instead present in theHtfulvalenyl radical.

While the decomposition of both W2 and W3 throd@12 and TS13 leads to the same product,
W3 can alternatively make a second hydrogen transfer from one of the twgr@iigs to a vicinal
C, thus either giving back W2 or forming W10. In turn, W10 has four possible reaction pathways:
dissociation to the-H-fulvalenyl radical (TS15), dissociation to théH2fulvalenyl radical (TS21),
transfer of the hydrogen in position 1 back to the terti@nponleading to W14 (TS24) or to the
otherneighbor carbon forming/13 through TS22. Isomers W13 and W14 can tmike a hyds-
gen atom yielding the same product, thel-fulvalenyl radica) through TS23 and TS28spe-
tively. Moreover W14 can make anotheititdnsfer reaction giving again well W2, thus closing the

cycle of the possible hydrogen transfer reactions.
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In general, it is interesting to notice that the activation energy leading from well W1 to W2, as
well as that of the other H transfer reactions, is half the activation energy for decomposigon to r
actants, so that all the wells here considered are likeelye visited before leaving thef;o PES
through a decomposition reactidfurthermore, we obsertkat, as anticipated, the path suggested
by Melius et af**, i.e. decomposition of W2 through TS12, is among the most profrabbean
energetic point of view. iFstly because decomposition teHfulvalenyl is 4 kcal/mol higher with
respect to W1 than decomposition tdiifulvalenyl, secondly because isomer W2 is ratherainst
ble (2.7 kcal/mol) compared to the others that are precursors to dissocido® Kcal/mol for
W3, -9.3 kcal/mol for W10;8.6 kcal/mol 6r W13 and-3.3 kcal/mol for W14). Thesesults co-
firm the conclusions ofelius et al, but do not satisfy the search of an alternative path leading to
the direct formation of a naphthalene precursor. The search of this reaction pathveagtibjéect

of the next section.

n-H-Azulyl Pathway

The motivation for the investigation of this reaction pathway comes from the intent to test
whether the reaction mechanism we proposed to be dominant for the reaction betytrkeamdC
cCsHg is active also on the /gH;o PES. It is in fact interesting to check whether some reaction
mechanisms involving s as a reactant can be active also for different reaction partners.

In particular in our examination of thed;; PES® we found that all the literature pathways
for the reaction between cfEls and cyclopentadiene, as well as an extension of-€%66 ring
expansiorcontraction mechanism of recent proposal, lead to a substantial disagreement between
the calculated and the expected rate constant for indene formation. Negstthehorough search
of the GoH1; PES performed following this lead revealed that a faster route to indene exists and a
lowed to obtain good agreement between kinetic simulations and experimental data. Tlis altern
tive pathway is characterized by amafropic 1,5 H transposition in thelz-CsHe adduct formed
by the addition of c€Hs and cyclopentadiene followed by the betsening of one of the C5 rings.
Successive reactions easily lead to the formation indene.

For this reason, we searched thgHz, PES for a reaction route characterized by a ring opening
reaction that could lead to naphthalene or one of its precursors. The reaction pathway so located
starts from the W2 intermediate described in the previous section and requires the formation of the
intermediate tricyclic species W4. W2, in fact, can isomerize to well W4 through a cyclization r
action started by a H migration between the two tertiary carbons that is similar to that found by
Melius et al. and that is typical of8s rings containing CR((Y CHRi CR=CR' moieties. This -
action has an activation energy with respect to W1 of 46.9 kcal/mol, which is comparable but lower

than the barrier reaction that leads back to reactants favoring this pathway rather than.the latter
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The successive reaction pathway is depictdeignre 60 and is started by the conversion oiW
to W5 through the beta opening of the C5 ring. The reaction transition state, TS5, is stabilized by
the establishment of conjugation betweenphmnds of the surviving C5 ring and those of time li
ear chain. W5 can successively easily undergo a seeaber ring closure leading to 8gbhydro-
azulene (W6). W6 is further stabilized bytidnsfer to the C5 ring, which leads either to W7 or
W9 through 1,5 sigmatropic shifts since, differently from cyclopentadiene, 1,7 sigmatropic shifts
are symmetry forbideh for cycloheptatriene. Successive hydrogen transfer reactions from W7 and
W9 lead to W8 and W1kespectively. Also, W7 can easily isomerize to W12 through a 1,5 H m
gration on the C5 ring.

As it can be observed, all the bicyclic C5_C7 wells are interected by saddle points having
activation energies smaller than that leading back to W4, so that they are all likely to be accessed
after W5 is formed. All the C5_C7 intermediates can dissociate to eiHeazlilyl or 2H-azulyl
and atomic hydrogen. Thlecomposition reaction pathways are all barrierless. It is also important
to observe that the activation energy for decomposition to azulyl radicals is about 5 kcal/mol faster
than decomposition of-B-fulvalenyl, making this reaction pathway potentialgstier than that
proposed by Melius et &

Once formed, Bnd 2H-azulyl radicals are known to straightforwardly interconvert through the
spiran pathway to naphthalene, as it has been assessed by Ald€f iet alreview of the routes
that connect azulene to naphthalene. For this reason, the proposed reaction pathway cai be consi
ered asa good candidate to be a direct mechanism for the formation of naphthalene by addition of
two cyclopentadienyl radicals. The feasibility of this proposal can however be assessed only

through a direct analysis of the reaction dynamics on tkié¢,§PES
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6.4.2. ME/RRKM Simulations

Master equation calculations of the reactivity on thgHg PES accessed through the addition
of two cGHs radicals have been performed considering in the calculation all the reactions reported
in Figure 59 andFigure 60. The considered PES comprises 14 wells and 26 transition states. The
master equation has been solved assuming that the bath gas is pure Argon adopting an exponential
down model for the collisional energy transfar particular we used the Lennakdnes collision
parameters G = 3.75 | and U0/ k = #%vhBefokalther Ar gc
CiHiospecieswewsd t he same parameters (0 = 8.0 and
study the reactivity on the;gH,; PES. Due to the similarity betweeny8;, and G¢H;; isomers,
we employed in the calculations the same mean downward energy transfer. All pesamet in
the simulations, including vibrational frequencies, rotational constants, rotational symnmatry nu
bers, optical isomer numbers, inertia moment, and rotational fE&sdered rotors are reported
as supplementary information of .

The simulations péormed between 1100 K and 2000 K show that the main reaction chiannel
decomposition to reactants in the whole temperature range investigated and that the azulyl reaction
channel is dominant over the fulvalenyl pathway up to 1450 K. Above this tempedattompds
tion to fulvalenyl becomes faster than decomposition to azulyl. This behavior is determined by the
fact that with the increase of the temperature the sum of the rates of the processes of decomposition
to fulvalenyl becomes faster than the rateaccess to the portion of the PES leading to the fo
mation of azulyl, which bottleneck is given by TS4.

The analysis of the internal energy distribution among the states of the key wells, performed
monitoring the time spent at each well in a specificgnbin, showed that in the conditions axa
ined the energy has prevalently a Boltzmann distribution. This means that collisional stabilization
is dominant in these conditions. A set of simulations performed at 1200 K at different pressures
(0.01, 0.1, 1, ah 10 bar) supports this conclusion, as the kinetic constants calculated for the four
possible reactions channels exhibit only a slight dependence from the pressure. The maximum d
viation with respect to the 1 bar data is in fact the increase of a fact® observed for the rate of
formation of the azulyl isomers, which can be ascribed to a slight depletion of the population of the
highest energy levels. These conclusionsciaid that an effectivepproach for the insertion of this
reaction network in &inetic mechanism would be to include all the elementary reactions here
identified using highpressure values. For this purpose, the forward and backwargtagbure k
netic constants for each reaction channel interpolated in the Arshiemm are give in Table 11.

However, if it is assumed that meell visited in the course of the reactibasa secondary reactiv
ty it means that the kinetic constants heakeulated are a good approximation of the overall rate of

conversion ofhlie reactants into azulyl and fulvalenyl radicals
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Table 11. High-pressurekinetic constants of the overall reacting system investigated intérpola
ed between 1000 and 2000 K as k ='PeXp(Ea(kcal/mol)/RT) in & for unimolecularreactions
and cm mol* s* for bimolecular reactions.

Forward reaction Log A U Ea Backward reaction Log A U Ea
CsHs+CsHs Y W1 7.87 1.46 1.467 W1 YHLCsHs 20.47  -1.55 55.440
Wl Y w2 13.20 0.16 24834 W2 Y Wi 12.25 0.33 27.349
W2 Y -favdlenyl+H 13.66 0.19 65.392 ----

w2 Y w3 12,11 0.37 21.606 W3 Y w2 13.41 0.05 29.372
W3 Y -falvdlenyl+H 13.46 0.35 72.946 ----

W3 Y W10 12.87 0.19 27.833 W10 Y W3 1241 0.32 26.627

W10 VY-fuvatenyl+H 1551 -0.23 72417 ----
W10 V-furaenyl+H 16.63 -0.45 79.354  ----

wio VY w13 1269 024 27455 W13 Y W10 1242 031 26.574
W13 Y-fuRatenyl+H 16.04 -0.32 76.356 -
Wi0 Y W14 13.05 0.15 28710 W14 Y W10 1235 0.31 22.490
W1 4 Y-fuRatenyl+H 14.34 0.05  70.323 -
wWi4 Y W2 1250 029 27237 W2 Y W14 1233 0.34 26.870
w2 Y w4 10.66 0.76 49533 W4 Y W2 13.64 0.27 43.555
W4 Y W5 1427 0.04 38981 W5 Y W4 11.12 0.34 38.243
W5 Y W6 11.01 0.33 36544 W6 Y W5 13.69 0.16 50.885
we Y W7 11.93 0.39 24760 W7 Y W6 12.06 0.25 27.538
W7 Y -akuiyl + H 20.89 -1.75 71.064 ---
w7 Y Wws 11.36 045 35378 W8 Y W7 11.37 0.47 34.305
W8 Y -akuiyl +H 19.26 -1.31 68.787 ---
W7 Y wi?2 1200 026 28559 W12 VY W7 1194 0.33 26.524
W12 Y-azly+H 16.09 -0.48 68211 -
W6 W9 11.28 045 40.702 W9 Y W6 11.35 0.44 43.294
W9 Y -akuiyl + H 11.84 0.66 75960 ---
w9 Y wii 11.33 046 33221 W11 Y W9 1145 042 34.937

W11l Y-azulid+H 17.47 -0.96 68.594 ----

The kinetic constants so deterniingre sketched iRigure 61 and are reported ifiable 12.
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Table 12. Kinetic constants for the reaction betweensidCand cGHs interpdated between
1100 and 2000 K as k = A@xp¢Ea(cal/mol)/RT) in cimol's™.

Reaction Log A a Ea (cal/mol)
cCsHs + cGHs A n-H-Azulyl + H 14.72 -0.853 7254.
cCHe + cGHs A n-H-Fulvalenyl + H 10.30 0.951 15793.

In order to check the impact of a chamgehe rate of the H loss channels within the range of its
uncertainty aspecific set of simulationsas beermperformed increasing all H loss ratesdyactor
of 3. Simulationhave beemperfamed at 140K and 1bar. Ithas beerfound that the rate of bio
reaction channels increases, and in particular that the rate of the fulvalenyl channel increases by a
factor of 3, and that the ratio of the reaction fluxes of the two reaction channels changes by a factor
of 2 in favor of the fulvalenyl channel (from2lto 0.6). Similar results with opposite trends would
be expected if the H loss rates were decreased.

6.5. ComparisonsbetweenModel Predictions and Experimental Data

The kinetic parametefsr the critical interactions of cyclopentadiene and cyclopentadiediyl
cal reported inTable 10 and those corresponding to the reaction between two cyclopentadienyl
radicals reported iTable 12 have beeincluded in the overall kinetic model POLIMI_12632.

The kinetic constants and products of each reaction channel were however slightly modified as
follows to make thegreement wit experimentatlata quantitative. First it has beassumed that
vinylfulvene converts rapidly to styrene, as segjgd at the end of the € + cGH; section, and
the rate of this reaction channel was increased by factor of 2. The increase of théhetsywéne
channel is consistentith the fact thagll simulations were performed with the CCSD(T) extrap
lated energies, which are systematically higher than the R&@HEESenergies used for the reaction
battlenecks of the other channelhe reason beéhd this choice is thave were not able to cale
late the ROCB$)B3 energy for this reaction for the reasons mentioned in segibh. A de-
crease of 22 kcal/mol of the activation energy of TS28 would easily transtaéd increasén the
rate of this bannelby a factor of about 2 in the investigated temperature range. Then, itswas a
sumed that phenylbutadiene rapidly decomposes with equal probability to benzengerel at
motivated at the end of the previous section.

Though a detailed list of th&inetic parameters used in the simulations is reported in
POLIMI_1202, it is here interesting to highlight ttiae kinetic constant for naphthalene produ
tion through the recombination of two @ radicals used in the simulations, ‘3@xp¢
3020/T(K)) cn/molls, is similar to the value used by Robinson and Lind<te@5 10'*exp(
4174/T(K)) cni/mol/s to simulate the same experimental data set. At K2@e temperature at
which most experiments were performed, the two kinetic constants are almost8efydaf’(vs
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7.7-10" cn/mol/s). These rate constantield a calculatel naphthalene concentration that is in

good quantitative agreement with expemta data, thus defining a consensus value for the rate of

a reaction whose initial value, first proposed in 1996, was about one order of magnitude
higher?*4**> Model predictions with the upgraded kinetic parameters are here compared with two

different sets of recent experimental measurements. The former set relatesytddpentadiene

pyrolysis in a flow reactor operating between 80200 K®° The second is a study of
cyclopentadiene pyrolysisnd oxidation ®Butler and Glassmaf?*?*i n Pri ncet otnds adi a

mospheric pressure flow reactor.

6.5.1. Pyrolysis in Georgia FlowReactor

Kim et al**° studied the pyrolysis of cyclopentadiginem 800 Kup to 1200 K in a laminar flow
reactor,48 cm long and 1.7 cm in diametet anominal residence timef 3 s Nitrogen was used
as a carrier gagnd the gas stream entering the reactor consisted of 0.7%a@gthrin nitrogen.
The gasemperature in the reaction zooE~30 cm was nearly catant (+10 K of the set value)
and radial variation of temperature was negligileese experimentaldata supporthe pyrolytic
growth and constitute a useful test for the kinetic modebhgolycyclic aromaticsia cGHs re-
combination andadditionreactons. Benzene, indene, and naphthalene were the major pyrolysis
products.Figure 62 shows the good comparisons between experimental measurements and model

predictions versus the reactor temperature at ~3 s.
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The nodel correctly predicts naphthalene, indene, and styrene properly locating their maximum
yields. The profiles of these species highlight the importance of the parallel and successive rea
tions involving cCGHs and heavy molecules and radicals.eRdntrenes here considered as a
lumped species {Hio grouping also amhtacene. At moderate cyclopentadiene conversions
(<50%), the main reaction channel for its formation is the recombinationsb e@h indeny! rai-
icals, which has beemplemented in the kinetimechanism using the same kinetic parameters of
the similar cGHsradical recombination reaction: £@xp(3000/T(K))cm/mol/s

At higher temperatures and cyclopentadiene conversions, also the reactiongHefan@
indenyl radicals with naphthalenedanaphhyl radicals contribute tphenanhrene famation. The
maximum yield ofphenanbrene correctly peaks &7%, whilst in the pavious kinetic schemé?,
where higher kinetic values were assumed for the recombination reactions of resonantlydstabilize

radicals, there was an over prediction by a factet2of

6.5.2. Pyrolysis and Oxidation Study in Princeton Flow Reactor
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Figure 63. Concentration profiles of major species for the pyrolysis (lines and filled symbols)
and oxidation & &l=dashed lines and empty symbols) of cyclopentadféi{é(Experimental
runs #7 and #12. Initial temperaer11901200 K, initial fuel=2000 ppmv.)
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analyzed several pyrolysis and oxidation conditions dnying the

mixing, were discussed and verifibdth numerically and experimentally in the literattife

Model predictions agree well with the experimental measurements, mainly in pyrolysis cond

tions, while the model seems to underestimate slightly the consumption of cyclageyitaaid-
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cals in the oxidation environment. Therefore, the initial formation of naphthalene and indeme is pa
tially over predicted, with a corresponding under prediction of CO and methane, mainly aginterm
diate decompositiorlhe interactions o€CsHs with oxygen and oxygenated radicals, systemiatica

ly discussed byRobinsorand Lindsted;? could thus require a further revision.

Finally, Figure 65 shows a simple reaction path analysis in pyrolysis conditibne.thermal
decomposition otyclopentadienavith H formationaccounts forl0.8% and thedominant Hab-
stractionreactions to form cyclopentadienyl radicals ~7IPke thermaldeconpositionto form
C.H, and GH,s accounts for3. /6. The recombination reaction of cyclopentadienyl radicals to
form naphthalene explains more than 50% of the overall decompaosition. The interactiQgld-of
radical with cyclopentadiene to form indene (12styrene (2.8), and benzene (2.4) also play-a re
evant role in this system. As already mentioned, further interactions of cyclopentadienyl radical
with indene, naphthalene, and mainly indenyl radical, explain the successiwidorof heavier

species,ike pkenantrene, antracene, and pyrene.

Pyrolysis, 50% CsHg decomposition, ~1200 K, 20 ms
Basis: total decomposition flux of CsHg: 100

\ ()
CoHy+ C3Hy

Sl

R (+10.5)
CsHs
T
@ 547
CH,

U,

1.2
s
3.3

Figure 65. Major reaction paths of cyclopentadiene pyrolysis at 1200 K and 50% conversion.

Conditions of experimental run #£2.
6.6. Concluding Remarks

The purpose of this work was to improve our understanding of the gas phase reactivity of the
cyclopentadienyl radical through the study of the kinetics of cyclopentadiene pyrolysis. Ai-prelim
nary analysis showed that the keythe comprehension of this system is the evaluation of the rate
constants of the reaction between the cyclopentadienyl radical and cyclopentadiene and the self

recombination of cyclopentadienyl radical.
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Our investigation of the PES of theHs + CH; reaction revealed that the preferred reaction
mechanism requires thieopening of one of the two C5 rings of the adduct, which is formed by the
addition of cGHs to cGHe. This reaction pathway, facilitated by an H migration to a carbon center
that allows onjugation between thp bonds of the two C5 rings in the transition state, is both
entropically and energetically favored over alternative mechanisms involving the formation of tr
cyclic species as intermediates.

The master equation simulations perfornoedr the GoH;; PES revealed that the favoredaea
tion channel is decomposition to reactants, a reaction pathway often ignored in the analysis of the
feasibility of reaction mechanisms requiring intramolecular rearrangements over complex PESs.
The major eaction product is indene up to 1700 K. Above this temperature vinylfulvene, a most
probable styrene precursor, becomes the dominant species. The calculated rate constant for the
production of indene allows quantitative fitting of the experimental datéwirdifferent sets of
measurements.

Moreover, a new mechanism has been proposed for the conversion of two cyclopentadlienyl ra
icals into naphthalene, which is characterized by a-dmtaing reaction, facilitated by a stakiliz
tion effect due to conjugan, and by the formation of azulyl radicals as reaction products. As
known, the conversion of azulyl to naphthalene is a relatively fast process, so that the mechanism
here proposed is an effective route for the formation of naphthalene.

The channel spé@ rate constants calculated integrating the master equation are in good
agreement with literature data that fit well naphthalene concentrations measured during
cyclopentadiene pyrolysis and oxidation at 1200 K. Our calculations predict that above 50 K
dominant reaction product is the fulvalenyl radical, in agreement with other theoretical studies.
However, the fate of the fulvalenyl radical is uncertain, as it has been recently proposed that its
main reaction channel is decomposition to fulvaldh¢he reaction mechanism here proposed is
the dominant pathway of formation of naphthalene frorHg@recursors, it becomes thus intéres
ing to understand what is likely to be the main reaction pathway for fulvalene, whether déeompos

tion to reactants tbugh an inverse pathway or as a building block for PAH growth
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/ Quantum Tunneling In

Hydrogen Transfer Reactions
A Study onthe CH+H Reaction

V(x)

7.1. Introduction

Hydrogen transfer reactions and magenerdly hydrogen abstractions, hyahen shifts or
isomerizations play relevant role in a large variety of chemicatldiochemical processes, such
ascombustion chemistry, peptide rearrangaetagand radical polymerization. For example, in the
combustion of hydrocarbonboth isomerizations vietramolecular hydrogen trafes and hydo-
gen abstraction reactions are important classes of alkyl radical rea¢timigsthe determination of
the rate coefiients of theseeactions is a prerequisite for the modeling of combustion devices,
such as engineand furnaces operating with hydrocarbon fue

Despitethe importance of hydrogen transfer reactidew, data on the kinetics of these reactions
are available in literature. The difficulties related to the experirhémastigation of hydrogen
transferreactions are mainly due to the high instability of the produced intermediates thai-
catesthe direct measurement of their reaction rates. In these complex processes, for which a the
retical investigation of the kinetics is often necessary to integgrErimental evidences, comput
tional studies represent a new tool for the determination of the rate coefficients of hydrogen tran

fer reactions
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However a critical aspect characterizes the theoretical analysis of the reactivity of these rea
tions, whid is the evaluation of the tunneling contribution to the rate constant. Quantum tunneling
in fact,is a common feature of all reactions involving hydrogen atom transfers. When active, the
hydrogen atom is able to tunnel through the energetic barriemidrsts small masss associated
with a wavelength comparable the barrier width typical of such transfer reactidfst example,
the role of quantum tunneling in alkyl radical isomerizations has been recently highlighted by
Tsang and covorkers?’>%’ In particular they concluded that a large body of literature data at low
temperatures (with small pexponential factors and activation energies) could bencéleal with
high-temperature data by taking into account the quantum tunneling corré€tion.

A number ofmethods hee been developed to determite tunneling effectontributionin re-
action rates estimatiomong these, one of the most popular is the method proposed by Eckart.
This approach is based on the solution of the 1D Schrddinger equation in which the potential has
been described with a functional form able to apipnaxe the shape of the potential energy barrier
and its asymptotic properties. Notably, Eckart not only proposed such a functional form, but also
provided the analytical solution of the associated Schrodinger equation, leading to the formulation
of a relaively simple expression for the microcanonical transmission probability.

Lately, Truhlar and coworkers proposed a new theamped Small Grvature Tunneling theory
(SCT), whichis currently probably the most effective approach for the calculation eoiraec
quantum tunneling effect8. This theory came as axtention of the idea proposed by Marcus and
Coltrin 28 Briefly, they demonstratethat the integration of the 1Bchrédinger equation over the
standard tmasitions state theorypath, which is the minimum energy path (MEP), leads to
significant undeestimations of the tunneling coefficieftius, to explain this effect they proposed
for the H + H reaction an alternative path called tunneling path, that is removed from the MEP by
an orthogonal displacement equal to the maximum vibrational amplifudelar and ceworkers
successively extended this path to a matitimic system using the generalized harmonic vibmatio
al frequencies obtained following the reaction path Hamiltonian proposed by Miller, Handy and
Adams®°

More accurate theories based on quantum dynamics simulations have been proposed in the

literature?”®

However, these theoriggquire as input large number of oéb intio data as it is
necessary to span a wide range of configurational spadere therefore unfeasible for reacting
systems with more than 6 atoms.

Comparing the Eckart modeh@ SCT theory the latter is deemed to be more reliable between
the two especially at lower temperatures (BADO K); Eckart corrections come close to the SCT
values only at higher temperatures. For this reason the Eckart model is usually adoptedtto corre
the rate coefficients of the many hydrogen transfer reactions encountered in combustion systems,

which significance increase at high temperatures (>800 K). The same however cannot be said for
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example for polymerization systems; in fact, intramoleculairdgen transfer reactions (in this
field also known as badgiting reactions) play a major role in these chemical processes, that are
characterized by a very high reactivity, which means that polymerizations occur at relatively low
temperature (300 400K). In order to address both problems, we have implemented in our code
as described in the Method chapter both approaches: the Eckart model and SCT theory.

In this chapter however we will appraise the ability of the SCT method to adequately correct the
rate coefficients of hydrogen transfer reactions and for this purpose we revisited the reactivity of a
fundamentally important reaction, namely the,GHH A CHs + H, reaction.

The CH + HA CHs; + H, reaction and its reverse haserved as a prototype react involving
a polyatomic molecule and hay#gayed an important role in the theoretical and experimental
development of chemical kinetics. Thermal rate constants for both the forward and reverse
reactions have been measured by different groups sincatheel 195006 s ; however,
also large discrepancies can be detected. In order to overcome these ambiguities, wich could affect
the correct measurements of other important reactions, in 2001 Sutherlantf’anedsured
directly the rate coefficient performing a Laser Photodgiieck Tube experiment coupled with H
atom ARASdetectionon a wide temperature range (928697 K). Then they extended it to a
larger temperature range (3481950 K) introducing in their fitting procedure also the data of
seven previous studies. The result of their work is shoviigiare 66 and is compared with earlier
literature datg®**%®

® Bryukov et al (2001)
A Baeck et al (1995)
1E-10 v Marquaire et al (1994)
4 Rabinowitz et al (1991)
1E-11 ] » Roth (1980)
# Sepehard et al (1979)
1E-12 1 ® Roth and Just (1979)
® Biordi et al (1976)
- 1E-13 4 * Roth and Just (1975)
® E @ Bakeretal (1971)
E 1E-14 4 = Kurylo et al (1970)
Q 3 ® Kurylo and Timmons (1969)
g 1E-154 A Azatyan, V.V. (1967)
?\—:E‘ 1E-16—i ¥ Lawrene and Firestone (1966)
G - <4 Jameson and Brown (1964)
= 1E-17 1 » Gorban and Nalbandyan (1962)
E @ Fenimore and Jones (1961)
1E-18 4 @ Berlie and Le Roy (1954)
L] Sutherland et al (2001)
1E-19 4
1E'2O T T T T T T T T T T T

e .
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T (1000/K)

Figure 66. Experimental literature rate coefficents for thel G+ H reaction.

Given its relatively simple nature, the €H H reaction has been used also as an important

benchmark system in a number of theoretical investigations. These include studies using various
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€99305 35 well as more

forms of classic transition state theory with tumge correction
sophisticated quantum transition state approath&4.A number of quantum dynamics studies
have also been focused on this reaction to test the ability of such methods to treat reactions
involving polyatomic moleculesAmong these we found full dimensional quantum dynamics
studies, such as the muttdnfigurational time dependent Hartree (MCTDH) metféd:! or the
altemative approach that has been recently introduced as ring polymer molecular dyiamics
(RPMD) which is an approximate quantum mechanical method able to address much larger
systems. Next to these are quantum dynamics and quantum reaction scattering treatments with
reduced dimensionalit{f>**

In this work, we calculated the rate of the {CHH reactions adopting transition state theory
with the tunneling correction evaluated with the SCT theory. We carried pumber of calcat
tions in order to assess the reliability of the SCT code implemented; we analyzed in particular the
effect that the method, the basis set, the number and the spacing of the points used to calculate the
potential energy surface, the dient and the hessian have on the final result. We then compared
our results with the recommended value of Sutherland®&taid with the results obtained adop

ing other more accurate theoretical approaches.

7.2. Computational Methodology

The geometries and vibrational frequencies of the stationary points (reactants, produes and tr
sition states) were optimized using different methods and basis sets. Given the recent development
of new DFT methods, which are able to recover the effect of dispersion interactions, we choose to
investigate the outcome of several different DFT metlawdbkin particular, we focused on theppo
ular B3LYP"*® and the new MPW1PW9%, BMK,** WB97XD** and M062X° functionals. For
completeness, also calculations at the MP2 f&kere carried out. In addition, also the effect of
the basis set has been investigated. Specifically, we compared the results obtained-at the 6
311+G(2d,2p¥>*?® level with those obtained with the Dunning augpVTZ basis set?’ The ack
vation energy of the title reaction was calculated also with @duPluster theory specifically at
the CCSD(T)/augc-pVTZ and CCSD(T)/augc-pVQZ levels and then extrapolated to the infinite
basis set |imit (CBS) adopfing Martinés extrapol

The minimum energy path was obtained using two different algorithms that are implemented in
the last version of Gauss 09. TheHessiarbased Predicte€orrector (HPC) integratdf®**°
which isa very accurate atgithm that uses the Hesstased local quadratic approximation as the
predictor component and a modified BsthStoer integrator for the corrector gon and the
LQA algorithm?***° which uses the local quadratic approximation for the predictor step ovéare

also minimum energy path calculations were performed adopting all the methods previausly me
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tioned: B3LYP, MPW1PW91, BMK, WB97XD, M062X and MP2. For each of these methods we
calculated the minimum energy path with two basis se®&:168-G(2d,2p) and avge-pVTZ. Gen-
erally, all internal reaction coordinate (IRC) calculations were carried out in madsece{gant-
sian coordinates with a step size of 0.01 ¥fmohr and a maximum distance from the TS of 1
amu’?bohr in both directions.

The tunneling correction factor was evaluated using the small curvature tunneling metteed. A d
tailed description of the #ory and its implementation is given in section 3.3.4 of Chapter 3.

Since the calculation of tunneling correction factors using SCT theory requires information on
the curvature of the reaction path, the rate coefficients were also calculated withindhiealan

variational transition state theory (CVT/SCT) that is giveriby:

~

Q Y T ETQ "M (140)
where
N "W oY M AQE)GO i (141)
XIS Y

HereQ "Yi is the generalized transition state theory rate constahealividing surface s,
Mis the Bol t z@asn ntohse cPd nashtcaKndtthe reaotants pastitioh function
per unit volume,0 "¥i is the partition function of a generalized transition state at s and
@ i isthe classical potential energpng the MEP with the zero of energy at the reactants.

All calculations were performed with the Gaussian 09 program suite.

7.3. Sensitivity Analyses

To assess the reliability and robustness of the SCT theory implemented we carriedout an e
ploratory analysis on the effect that several parameters have on the predéctegfiatient.

One of our goals was to determine how the accuracy of different levalsinitio theorymight
affect the final rate coefficient, in terms of both electronic structure method and basis set typology
and size. The level @b initio theoryplays a role on various aspects of the rate coefficientgredi
tion. Firstly, the choice ob initio theory establishes the accuracy of the geometries, vibrational
frequencies and energies of the reactants and transition state, which determine the attugacy
TST rate coefficient. Secondly, the theory level may affect significantly the accuracy of the SCT
tunneling correction.

As described in the method section, SCT calculations need information about the energy, the
gradient and the hessian along MEP in order to compute the curvature and the generalized v
brational frequencies along the reaction path. Initial SCT calculations showed how both parameters

are very sensitive to the precision of the input data (energy, gradient and hessian). Thweeefore,
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decided to investigate the role that electronic structure methods and basis sets play on the accuracy
of the minimum energy path and its properties.

IRC calculations, moreover, are characterized by other input parameters, such as the step size
and the omber of points considered along the path, which were investigated. Lastly, as Gaussian
gives the possibility to choose among several reaction path following algorithms, we explored also
the possibility to use a different method than the one given adtdgiac).

7.3.1. Level of Ab Initio Theory

Electronic Structure Methods

Six electronic structure methods were tested for the calculation of the SCT correction factor as a
function of temperature; five of them alb#-T base methods while the sixth is MP2 thgpthe
simplest postHartreeFock basedmethod that takeinto account electronic correlation through a
second order perturbation of the Hamiltonian.

First, it is interesting to evidence the accuracy of each method in predicting the activation energy
of the title reaction. The activation energies without the zero point energy (ZPE) corrdetion o
tained adopting a -811+G(2d, 2p) basis set are compared with the value obtained at the
CCSD(T)/CBS level imable 13.

Table 13. Activation energies (kcatiol) without ZPE correction of the CH4 + H reaction aalc
lated with differentlectronic structure method&lopting the 6311+G(2d,2p) basis set.

B3LYP BMK MPWI1PW91 WB97XD MO062X MP2 CCSD(T)/CBS

Ea 9.74 15.50 12.10 13.70 1572 18.87 14.80

It is evident from the energy results thath B3LYP and MP2 fail to describe correctly the energy
barrier of the title reaction. iy the DFT methods BMK, WB97XD and M062X, which include
dispersion effects, are comparablensA@CSD(T)/CBS being withittl kcal/mol of its value.

Table 14. CVT/SCT rate coefficients ftne CH, + H reaction calculated using different ele
tronic structure methods and adopting th&@ BL+G(2d,2p) basis set compared with Huggested
value of Sutherland et 4%°

T(K) B3LYP BMK MPW1PW91 WB97XD MO062X MP2 Sutherland

250 3.11E17 1.06E21 3.29E19 2.88E20 1.91E21 5.85E25 5.56E21
300 2.53E16 4.45E20 5.79E18 ©6.69E19 ©5.96E20 5.39E23 1.87E19
350 1.29e15 7.77E19 5.07E17 7.42E18 8.67E19 1.76E21 2.47E18
400 4. 7515 7.31E18 2.80E16 4.9E17 7.29E18 2.79E20 1.82E17
500 3.33E14 1.90E16 3.44E15 8.29El16 1.75E16 1.74E18 3.33E16
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These results are reflected also on the predicted rate coefficients calculated with the same levels of
theory in the 25600 K temperature range, whicheasompared ifTable 14 with the values sy
gested by Sutherland et®&based on experimental evidences.

As expected, the methods that failed to describe correctly the activation energy, B3LYP and
MP2, also fail in the prediction of the rate coefficient. In particular, B3LYP largely overestimates
the valuesuggested by Sutherland et al. and this is easily ascribed to the underestimatiorc-of the a
tivation energy (9.74 vs 14.80 kcal/mol). The same can be said about the results obtained at the
MP2/6-311+G(2d,2p) level, where in the specific case the activati@ngy overestimates thefre
erence value by 4 kcal/mdt.is noteworthy to point out that a difference of 5 kcal/mol in the act
vation energy, for the temperature range considered here, leads to a difference in the rate coeff
cient ranging from 4 ordef magnitude at 250 K to 2 orders of magnitude at 500 K.

The MPW1PW91 DFT functional underestimates the activation energy of about 2.7 kcal/mol
and this leads to an overestimation of the rate coefficient of a factor of 60 at 250 K that is reduced
to a facor of 10 at 500 K. Among the other DFT methods, which activation energies were within 1
kcal/mol of the reference value, we found different results. BMK underestimates the rakte coeff
cient by a factor of 5 going down to a less than factor 2 at 500 K, W87XD overestimates
Sutherland et al. values by a factor of 5 at 250 K going to a factor of 2 at 500 K. The rdte coeff
cient predicted with M062X, finally, also underestimates the rate coefficient given by Sutherland et
al. with a maximum deviation offactor of 3 at 300 K.

From these results we have assessed that the activation energy has a major influence on the r
sults. In order to remove the effect given by the accuracy of the activation energy we calculated the
rate coefficients with the different ethods using the activation energy calculated at the
CCSD(T)/CBS level for all of them. The results are reportethinle 15.

Table 15. CVT/SCT rate coefficients féhe CH, + H reaction calculated usingifflerent ele-
tronic structure methodadopting the 611+G(2d,2p) basis sdbr structures vibrational fre-
guercties and ZPE. The CCSD(T)/CBS activation energy was adopted for all cases. Results are
compared with the suggested valoé Sutherland et &f°

T(K) B3LYP BMK MPW1PW91 WB97XD MO062X MP2 Sutherland

250 1.19E21 4.44E21 1.42E21 3.10E21 1.13E020 3.85E20 5.56E21
300 5.29E20 1.47E19 6.18E20 1.05E19 2.63E019 5.58E19 1.87E19
350 9.03E19 2.16E18 1.03E18 1.51E18 3.09E018 4.85E18 2.47E18
400 8.25E18 1.79E17 9.29E18 1.24E17 2.22E017 2.86E17 1.82E17
500 2.06E16 3.89E16 2.26E16 2.72E16 4.28E016 4.46E16 3.33El6

Using an activation energy evaluated at a higher level leads to a general improvemeng-of the r
sults; however, some differences can still be evidenced and they are largely ascribetifferthe

ences found in the SCT tunneling correction, that are preseniedbie 16.
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