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ABSTRACT
Highly accurate quantum chemical methods may be utilized to characterize small
molecule reactions with accuracy rivaling experiment. This type of study may provide
understanding of reactions that are difficult to investigate via experimental methods,
thus providing guidance to experiment. The first project in this dissertation investi-
gates a variety of hydrogen abstractions by the cyano radical with a large set of dif-
ferent hydrogen donors. It concludes that the methodology developed for this study
has excellent agreement with experiment, and it may be used for future studies of
hydrogen abstractions, particularly with larger hydrogen donors. The second project
in this dissertation builds on the first as it investigates hydrogen abstractions by the
cyano radical of slightly larger hydrogen donors. It shows that a similar methodol-
ogy provides results that may be relied upon to guide future studies of these same
reactions. The final chapter of this dissertation provides a summary of the overall

findings of this study.
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CHAPTER 1

INTRODUCTION

The Schrodinger Equation

The time-independent Schrodinger equation® is the fundamental equation that

governs the properties of molecular systems:
HU = EW (1.1)

where H is the quantum mechanical Hamiltonian operator, W is the molecular wave-
function, and E = (®|H|®) is the total energy. The Hamiltonian operator may be

written in terms of the following kinetic and potential energy operators:
H=Ty+T,+ Ve + Vee + Vn (1.2)

where Ty is the kinetic energy operator of the nuclei, T. is the kinetic energy operator
of the electrons, Vee is the electron—electron repulsion operator, VNG is the nuclear—
electron attraction operator, and Vi is the nuclear-nuclear repulsion operator. The
operators, when neglecting relativistic effects, are simple generalizations of the classi-
cal hamiltonian for charged particles. The kinetic energy operator takes on the general

form ;—ZfV% where m is the mass of a particle, & is Planck’s constant divided by 27,

V2 is the Laplacian operator 88—; + 59—;2 + % where 7 denotes the three-dimensional

Cartesian coordinates of a particle (x,y, z), and the potential energy operator takes

9i9;

on the form —*=L—
4meg|ri—rj|’

where € is the vacuum permittivity constant and ¢ is the

charge of the particle. The Hamiltonian operator may be written as a sum of the



following kinetic and potential energy operators:

. h2
Ty=->_ 2MAV§%A (1.3)
A
. o,
T, =— Z o % (1.4)

A
. e
‘/ee = 1.6
ZZ47T60|7',—7'J\ (1.6)
1 >
~ ZAZBGZ
Vn = (1.7)
2 2 inalla -~ B

where r; corresponds to the coordinates of a particular electron indexed by ¢ and R 4
denotes the coordinates of a particular nucleus indexed by A. M, denotes the mass
of nucleus A, m,. denotes the mass of an electron, Z denotes the atomic number of
an atom, and e is the charge of a proton or electron. For simplicity, it is convenient
to define these operators in atomic units, such that m, h, e, and 4mwe, are set equal to
1. This provides energy eigenvalues in units of Hartrees. This results in the following

simplified operators:

. 1
Ty=-)_ QMAv;A (1.8)
A
~ 1 9
T, = — Z SVi (1.9)

. 74
Ve = _;%:m (1.10)

~ 1
Vee:ZZm (1.11)

i >

. ZaZ5

Van = Z Z __ZAZ5 (1.12)
A B>A [Ra— Rgl



Thus, the Hamiltonian operator in atomic units is
LTt TEDSELAED D) Direce = SR EE)
a1 2MA Ra p 2 " ; 1 |T‘i—RA| '

Y et Y Y

i j>i A B>A
Within a system, the nuclei move on a much larger timescale than the electrons due
to their mass. Because of this, it may be assumed the nuclei are frozen, and the
electrons can be treated within the static electric field of the nuclei. This reduces
the dimensionality of the solution to the Schrodinger Equation. This is known as the
Born-Oppenheimer approximation.? Under this approximation, the nuclear kinetic
energy term becomes 0 and the nuclear repulsion energy becomes a constant that can
be added on to the total energy later. The result of this approximation is known as

the electronic Hamiltonian:
2
S Y A Sty o

This Hamiltonian can be written in terms of one and two—electron operators.

H, = Zh +Zgzy (1.15)

This Hamiltonian has been obtained by only considering electronic interactions, by
utilizing unit—based simplifications, and by implementing the Born—Oppenheimer ap-
proximation. Due to these simplifications, this Hamiltonian does not exactly describe

a given molecular system. The lowest energy eigenvalue of this Hamiltonian is known



as the electronic ground state energy. For hydrogenic (one electron) systems, the
Schrodinger equation may be solved analytically; however, the world is made up of
many—electron systems for which the Schrodinger equation cannot be solved analyt-
ically. Methods have been developed to numerically approximate solutions to the
Schrodinger equation with varying levels of accuracy. These will be discussed in the

following sections.

The Wavefunction

The wavefunction of a given system is an eigenfunction which contains all possible
information about that system. It is a function that describes the behavior of the
electrons as they interact with each other and the nuclei. For an N—electron system the
N-electron wavefunction is built by a product of molecular orbitals (MO). Because of
the Pauli principle, each molecular orbital can hold up to two electrons with opposite
spins.? It is experimentally known that the wavefunctions we write must adhere to
the antisymmetry principle and the indistinguishability of electrons. Therefore, each
molecular orbital can hold up to two electrons with opposite spins, the wavefunction
must change signs upon interchange of electrons, and the wavefunction must not
distinguish between particles. This is accomplished with molecular spin orbitals,

frequently referred to as spin orbitals.

Vi(xj) = ¢i(ry)wi(s;) (1.16)

where x; = (r;,s;), r; represents the spatial coordinates of electron j, which are
generally in Cartesian coordinates, s; represents the spin coordinate of electron j,
¢; is a spatial orbital, and w; is a spin orbital. By convention, the spin coordinate
(sj) is either spin up («) or spin down (), and the spin orbitals are orthonormal.

The wavefunction is often represented as a Slater determinant because of its incorpo-



ration of the antisymmetry property of the wavefunction and indistinguishability of

electrons.* For a generalized system with N electrons, this takes the form:

Yi(xr)  Ya(®1) ... Un(x1)

1 ¢1(.$2) ¢2(.€L'2) QZJN(.$2) (1.17)

Yi(en) va(zN) ... Yn(ZN)

where @ represents the position ry and spin sy of electron N. Expression of the
wavefunction as a Slater determinant satisfies the Pauli principle because exchanging
two electrons is equivalent to swapping two rows of a determinant. Moreover, the
linear combination of products of orbitals from the determinant satisfies the indistin-
guishability of electrons. For a two electron system with molecular orbitals 1, and

1, the Slater determinant expands to:

B wa) — — |11 V) izwmml)wz(wz)—¢1<w2>w2<w1>1 (1.18)

V2 (@) ()

Hartree—Fock Theory

Hartree-Fock (HF) theory is a critical approximation that allows chemists to
determine approximate molecular orbitals for a wavefunction. It is foundational to
other more accurate approximations that include the effects of electron correlation.
The correlated methods that will be utilized and discussed later in this work are built
upon the foundations of Hartree—Fock theory. To derive the Hartree—Fock equations,

we begin at the time-independent Schrédinger equation.

H|U) = E|0) (1.19)



Left multiplying each side by (¥| and integrating over all space gives
(U|H|T) = E (U|0) (1.20)

Here the wavefunction takes the assumed form of a Slater determinant ®, and the

Hamiltonian is the electronic hamiltonian previously described.
(D|H|D) = E (D|D) (1.21)

Assuming the wavefunction is normalized, this simplifies to the expectation value of

the electronic Hamiltonian, which is the electronic energy:
E = (D|H|D) (1.22)
Substituting Equation 1.15 in for H

E= (2] Y h(i)+ ) 4(i,))®) (1.23)
i i<j
Expanding this equation and applying spin orbital orthonormality, this becomes:

E =) (uilh(@)ls) + Y [Wiwflat, Hiviv]) — Willat Hlvie])]  (1.24)

i<j

The notation 1! represents the labeling of the electrons (subscript) and the labeling
of the spin orbitals (superscript). The two terms in the two electron integrals are

referred to as the Coulomb integrals

(Wiflg(i, J)wiv)) (1.25)



and the Exchange integrals
(id1g(i, 7)) (1.26)

Equation 1.24 is often written as an unrestricted sum over antisymmetrized two

electron integrals.
. 1 o
E =) Wilh(@)li) + 5 D willwivg) (1.27)
i ij

The Hartree—Fock equations are obtained by minimizing this energy under the con-
straint that the orbitals are orthonormal. This is done by varying the spin orbitals
(the wavefunction) until the energy reaches a minimum. This is known as a varia-
tional method, which begins with a trial wavefunction depending on some number
of parameters, then optimizing the parameters until the expectation value of the
Hamiltonian, the energy, reaches the lowest possible value. Varying the orbitals such
that the energy is lowest will give the best wavefunction, and best energy approxima-
tion. Any chosen trial wavefunction will always result in an energy eigenvalue that is

greater than or equal to the true ground state energy.
EHF Z EEXACT (128)

A system with all molecular orbitals doubly occupied is referred to as closed—shell.
The HF molecular orbitals can be restricted such that N = 2n electrons in n doubly—
occupied spatial orbitals. This restriction of Hartree—Fock is known as the restricted
Hartree-Fock (RHF) formalism.® The energy expression for RHF is modified such

that

MO MO

&mJZMWMZZ (0i6d;19(i, )| 0ids) — (di0b319(0, 4)|gi0)]  (1.29)

Equation 1.29 may be written more concisely by utilizing some definitions.



The Coulomb operator, typically denoted with J, may be written as:

Ji169) = (6413 (n, )]0} ¢") (1.30)

The exchange operator, typically denoted with K, may be written as:

K |¢") = (Y19(p,v)|6" &%) (1.31)

This simplifies Frgr to

N/2 N/2 NJ2

ERHF_QZ (6ilhil ) +ZZ[ (GilJjlon) — (0l K1) (1.32)

All of the operators in the RHF energy expression are now written as one—electron
operators.

By Lagrangian minimization of the energy with respect to molecular orbitals with
the constraint of orthonormality, it my be shown that the best set of molecular orbitals

satisfy the following equations:

Y <2J _ )] b = € (1.33)

J
where ¢; represents the orbital energy. The term in square brackets is referred to as

the Fock operator f
f¢z’ = €9 (1.34)

The MO’s which give the best Slater determinant and lowest energy are all eigen-
functions of the hermitian operator f . However, from the definitions of the Coulomb
and exchange operators, the Fock operator itself is defined in terms of the molecular
orbitals. Therefore, solving the Hartree—Fock equations requires an iterative proce-

dure. It is typical to approximate the molecular orbitals via a linear combination of



atomic orbital basis functions (LCAO).
o= 3 G (135
q

where x, are atomic orbitals and C,; are expansion coefficients for the atomic orbitals.
The set of atomic orbitals composing the LCAO is known as a basis set. This will be
further discussed in the following section. Plugging this new MO expression into the

Hartree—Fock equations yields:

fz Xqui =€ Z Xqui (136)
q q

Left-multiplying both sides by some other atomic orbital x, integrating, and defining

Fog = <Xp’f’Xq> and S,y = (Xp|X,) gives:
Z qucqi = 6i‘S’quqi (1.37)
q

In order to simplify this into a single equation which determines all possible ¢; in

terms of y, this can be redefined in matrix notation
F,,Chi = SpqCgic€; (1.38)
It is typical to drop the subscripts for simplicity.
FC = SCe (1.39)

Here F' is the Fock matrix, C' is the expansion coefficients matrix, S is the atomic
orbital overlap matrix, and € is a diagonal matrix of orbital energies. These are known
as the Roothan—Hall equations. This is almost a typical eigenvalue problem that can

be solved by diagonalizing F'. Because the atomic orbitals are not guaranteed to be



orthogonal, S is generally a non-diagonal matrix. Therefore, these equations must be

transformed into an orthonormal basis before F' can be diagonalized. One strategy

to accomplish this is to left multiply both sides of the equation by S~'/2 and insert
the identity matrix I = S—1/281/2 twice.
S—12p§—1/2812C = §~1/288-1/28%/2Ce (1.40)

To write Equation 1.40 as a simple eigenvalue equation, we define F=8"12Fp§-1/2
and C = SY/2C.
FC =Ce (1.41)

Now it is straightforward to diagonalize F'. Afterwards, C can be transformed back
to the original, unorthogonal basis, and a new Fock matrix can be formed. This
process is continued until the coefficients and energy have converged.

In the case of open—shell molecules, which have an odd number of electrons, unre-
stricted Hartree-Fock (UHF) may be utilized.® UHF uses different sets of molecular
orbitals for the o and S electrons, rather than using a single molecular orbital twice as
in the case of RHF. However, with open—shell molecules UHF can suffer from spin—
contamination where the energy is artificially lowered by the ground state mixing
with higher energy spin states and the required spin symmetry of the wavefunction
is broken. The expectation value of 52 will deviate from the expected value based on
the multiplicity in such cases. To combat this issue, restricted open—shell Hartree—
Fock (ROHF) may be used.”® ROHF uses doubly occupied molecular orbitals for the
paired electrons, like RHF does, but for the unpaired electrons it utilizes singly occu-
pied molecular orbitals. UHF gives a better description of the unpaired electron den-
sity distribution than ROHF, however it suffers from the breaking of spin-symmetry
and artificial lower energies. The breaking of spin—symmetry is unphysical since the

ground state is required to be an eigenfunction of the total symmetry operator, and

10



the lower energies are unphysical as they are simply an artifact of the mathematics
behind the method. Therefore, it is important to use discernment when choosing
between UHF and ROHF for open—shell systems.

Hartree—Fock is a mean—field theory, meaning that the individual interactions in
a given system are replaced with an average or effective interaction. This essentially
reduces the many—body problem to a one-body problem. More sophisticated methods
have been created to account for electron correlation, and they are referred to as
post—Hartree—Fock methods. Before discussing these methods, an examination of the

wavefunction approximation with an atomic orbital basis set is appropriate.

Basis Sets

Generally, a basis set refers to a set of simple functions (or vectors) which can be
used to express more complex functions (or vectors) as a linear combination. In the
context of quantum chemistry, atomic orbitals, the known solutions to the Schrodinger
equation for the two body problem, are chosen as the basis for the solution to the many
body problem. For a given molecule, each atom is described by an atomic orbital. In
order to describe the molecule as a whole, the linear combination of atomic orbitals
is used to construct molecular orbitals, as shown in Equation 1.35. With an infinite
basis set, an exact expansion of the wavefunction is guaranteed; however, a finite
basis set is required for computational tractability. Therefore, a basis set is sought
such that adding any new basis functions would not change the wavefunction or its
properties — this is the infinite basis set or complete basis set (CBS) limit. However,
the amount of time required to solve the Schrodinger equation critically depends on
the basis set size. While large basis sets close to the CBS limit are computationally
feasible, certain families of basis sets have been designed to systematically approach

this limit.

11



Computationally, an ideal basis set is as small as possible. To maintain an accu-
rate expansion, the basis sets should be highly similar to the expected form of the
wavefunction. Slater type orbitals (STO) might be expected to be appropriate based

on the solutions to the hydrogen atom.
o3 O(r; & m,l,m) = Na'y™z"e " (1.42)

STOs are characterized by a sharp cusp at the center and by exponential decay as
r increases or decreases. However, there is no general analytic solution for the two
electron integrals using basis functions with e=¢" dependence, so using STOs as basis
functions is not computationally efficient. It was discovered that STOs could be
approximated using linear combinations of Gaussian type orbitals (GTO).? GTOs

have the general form:
quTO(r; a,n,l,m) = Naly™2"e " (1.43)

An individual GTO gives a poor description of the electron near the nucleus, so they
are almost always contracted into contracted Gaussian type orbitals (CGTO)!'® which

are generated from linear combinations of GTOs of the form:
ST (i, Lm) = 3 HGETO(r iy, 1, m) (L.44)

where ¢! is a contraction coefficient, and «; is the orbital exponent. These are deter-
mined via variationally minimizing the electronic energy for a given atomic center.
The first instance of systematically determining optimal contraction coefficients
and orbital exponents is the STO-MG basis set family.!' The STO-MG, or “Slater—
Type orbital approximated by M Gaussians,” series was optimized for use with HF for

many of the atoms on the periodic table and with M = 2—6 Gaussians. Of the chosen

12



values of M, STO-3G was discovered to be optimal in terms computational speed
and accuracy. This basis set is known as a single—( or minimal basis set, which means
that only one basis function is included for each atomic orbital. Solutions utilizing a
minimal basis set will be far from the CBS limit. Including more basis functions per
atomic orbital will increase the accuracy of the solution while generally increasing the
computational cost. For example, a double—( basis set includes two basis functions
for each atomic orbital, a triple—( includes three, and so on. In addition to increasing
the number of basis functions in a basis set, the addition of polarization functions is
also necessary to accurately describe molecular systems. These functions are higher
angular momentum basis functions that are used to describe the polarization of the
electron density of an atom in a molecule.'? For example, the only basis function in
a minimal basis for hydrogen would be a function describing the 1s orbital. To add
polarization to the basis set, a p function would be included. These functions describe
the shift in electron density needed for bonding orbitals and generally add more of
the mathematical flexibility needed for an accurate wavefunction.

The Dunning basis sets, also known as the correlation—consistent polarized va-
lence basis sets (cc—pVXZ), is a basis set family that was designed to systematically
converge toward the CBS limit.'*!* This series is an example of a split-valence basis
set, which utilizes one basis function for each core atomic orbital and multiple basis
functions for the valence atomic orbitals, and adds greater flexibility for the orbitals
involved in bonding. The contraction coefficients and orbital exponents of the Dun-
ning basis functions were variationally optimized for post—HF methods, which include
treatment of electron correlation and will be discussed in the next section. This fam-
ily of basis sets was designed with a built—in hierarchy. The simplest Dunning basis
set, cc—pVDZ, includes one basis function for the core orbitals, two for the valence
orbitals, and one polarization function. As the cardinality increases from double—(

to triple—(, and so on, each step adds an additional set of valence orbitals, another
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set of the current polarization functions, and a set of polarization functions of higher
angular momentum. The design of this hierarchy gives these basis sets the ability
to be used in basis set extrapolation methods, which are used to converge electronic
energies to the complete basis set limit. The ability to be used in basis set extrap-
olations makes them attractive for obtaining highly accurate energetics, as will be
demonstrated in Chapters 2 and 3.

The standard Dunning basis sets have been amended in multiple ways to include a
variety of added features that can better describe specific situations in molecular sys-
tems. In order to better describe core electron correlation, as the standard basis sets
were designed for valence-only calculations, functions describing core correlation have
been added. These basis sets are denoted with an added “ C,” such that the naming
convention becomes cc—pCVXZ. Elements in the second row require extra d polariza-
tion functions to be more accurately described as the original polarization functions
were found to not be tight enough. These added functions are sometimes referred
to as “tight d” functions, and are denoted by cc—pV(X+d)Z. Tight d functions are
small exponent Gaussians that describe electron density close to the nucleus. Diffuse
functions are also sometimes necessary, particularly when describing orbitals far away
from the nucleus. Adding diffuse functions is sometimes referred to as “augmenting”
the basis set, and in the Dunning nomenclature these basis sets are denoted with
an “aug—" prefix. Some applications of this include calculations for anions, dipole
moments, and the accurate modeling of intramolecular and intermolecular bonding.
Additionally, there is a set of Dunning basis sets referred to with cc—pVXZ-F12.
These basis sets are designed to be used in conjunction with explicitly correlated

methods which accelerate convergence to the CBS limit.
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Correlated Methods

Hartree-Fock accounts for about 99% of a system’s absolute energy, leaving about
1% uncaptured. It turns out that 1% is particularly important to obtain in order to
accurately describe what is happening in nature. Hartree—Fock does not fully account
for electron correlation, which is defined as the instantaneous, mutual repulsion of
an electron with all other electrons in the system. The more simplified definition of
electron correlation is the amount of energy that Hartree—Fock fails to capture even
though HF, as previously described, includes first—order correlation. Many post—
Hartree-Fock methods have been designed and implemented in order to treat this

electron correlation.

Ecorr = Epxacr — Eur <0 (1.45)

Electron correlation can be divided into dynamic correlation and static correlation.
Dynamic correlation accounts for correlation caused by the movement of electrons,
and it is significant for all molecular systems. Static correlation is a result of the
single-determinant nature of Hartree—Fock theory. This is particularly important in
systems where the different orbitals or configurations have near-degenerate energies.
This occurs when there are multiple important determinants which interact strongly,
and dynamical correlation must be considered in both configurations simultaneously.

The exact solution to the Schrodinger equation can be obtained by taking lin-
ear combinations of a reference determinant or configuration and all possible excited
configurations from that reference. This wavefunction would include all possible con-
figurations of electrons and is referred to as the full configuration interaction (FCI)

wavefunction:

|Wper) = (co+ C1+Cy +Cs 4 --- 4+ Cn) | D) (1.46)

where (' generates all possible single excitations from the reference, C5 generates
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all possible double excitations, and so on to include all possible excitations from the
reference configuration. Including all possible configurations in a computation is very
computationally expensive. This issue is further exacerbated by the choice of basis
set. The computational time required for FCI grows factorially with the number
of electrons and basis functions.!® Due to this computational scaling, FCI with a
moderate basis set is not feasible for systems containing more than a few atoms.
As the basis set size increases, the computation would become more accurate while
simultaneously becoming more cost prohibitive. If one chose a hypothetical infinite
basis set, the resulting FCI/CBS result would be theoretically exact, however the
computation would never finish.

In order to combat this computational cost issue, it is common to truncate the
FCI wavefunction to only include up to a certain size of excited configurations in
order to achieve a sufficiently accurate energy while being an affordable computa-
tion. A common truncation is referred to as CISD, which includes single and double
excitations.

‘\DCISD> = (Co + 01 + OQ) |<I>> (147)

This allows a nice progression of methods approaching FCI as more and more ex-
citations are added into the solution. However, as FCI is truncated, the properties
of size—consistency and size—extensivity are lost. Additionally, as the system size in-
creases, the error caused by the loss of size—consistency is further exacerbated. A
method is size—consistent if the energy of non—interacting systems is the same as the

result of summing the individual energies of the systems separately, such that

E(A, B) = E(A) + E(B) (1.48)

It is common to include a correction to account for this, the most common of which is

the Davidson correction, which is denoted by a ”+Q.” 6 A method is size-extensive
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if the obtained energy scales linearly with the number of electrons.

Because the size—consistency and size—extensivity have been lost in truncated con-
figuration interaction, it is necessary to find another method that maintains these
properties while accounting for a truncated set of excitations. The premier correla-
tion method, coupled cluster (CC), was devised to resolve this issue.'” The coupled
cluster wavefunction ansatz uses an exponential operator to generate the excited

configurations from the reference determinant:

|\Ifcc> = exXp (T1 + TQ + T3 + -+ TN) |(I)> = eXp(T) ’(I)> (149)

where Ty corresponds to a set of N—electron excitations. For example, the T5 operator
includes all possible double excitations. This method can also be truncated to a
given excitation level as appropriate. The CCSDT wavefunction,*® which contains all

possible single, double, and triple excitations may be written as

|\I]CCSDT> = exXp (T1 + T2 -+ Tg) |<I)> (150)

This method has been shown to quickly approach the exact solution as more ex-
citations are included. This truncation maintains the quality of size consistency.
Unfortunately, the computational scaling of CCSDT is O(N?®), which is computa-
tionally infeasible for systems with more than a few dozen electrons. To improve
the computational scaling, CCSD(T) was developed which yields accurate results for
many systems. This method includes all single, double, and a perturbative correction
for triple excitations. The CCSD(T) method has been well established in the field of
computational chemistry, and the CCSD(T)/cc—pVTZ level of theory has been set as

the “gold standard.” ' As such, it is common to see this method utilized.
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Focal Point Analysis

As mentioned in previous sections, the inability to utilize an infinite basis set and
the infeasibility of incorporating all possible excited configurations into the wave-
function limits the achievable accuracy when solving the multi—electron Schrodinger
equation. The full configuration interaction energy includes all possible configurations
and, when paired with an infinite basis set, provides the exact electronic energy. For
molecules of a few atoms, it is possible to approach the FCI and CBS limits. With
larger molecules this becomes cost—prohibitive. In order to obtain FCI/CBS quality
energies without spending the required time and computing resources, alternatives
have been introduced. Extrapolation methods, such as HEAT,?° W3 and W4,2%22
and Focal Point Analysis (FPA),??* have been developed in pursuit of chemical ac-
curacy (< 1.0 kcal mol™'). HEAT utilizes HF and CCSD(T) extrapolated to the
complete basis set limit, a CCSDT correction to account for deficiencies of the triple
excitations in CCSD(T), and a CCSDTQ correction to approximate the difference
between the CCSDT and FCI correlation energies. It also includes corrections for the
zero—point vibrational energy, the Born—Oppenheimer approximation, a spin—orbit
coupling correction, and the scalar relativistic contribution to the energy. W3 and
W4 are basis set extrapolation methods that have been developed from the original
W1 and W2 extrapolation methods.?® HEAT, W3, and W4 are all specific computa-
tional protocols that have been developed in an effort to achieve chemical accuracy,
and in some cases subchemical accuracy (< 1.0 kJ mol_l). FPA is more flexible than
these methods as it is a general strategy for approaching the FCI/CBS limit rather
than a set protocol. Due to its flexibility, it has been selected as the extrapolation
method used in the research present later in this work.

Focal Point Analysis, also known as the Focal Point Approach, was developed by

Allen and coworkers.?*?* It is a composite method which systematically approaches
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both the FCI and CBS limits, estimating FCI/CBS. The Dunning basis sets are
necessary for this method because of their systematic convergence to the CBS limit,
as discussed previously. Because of the difference in convergence between methods, it
is necessary to utilize a different extrapolation equation for the Hartree—Fock energy.

A three-point extrapolation is utilized, shown in Equation 1.51.26

Bo(X) = By 4+ ae™™ (1.51)

Due to previously seen unreliability in the Hartree-Fock double-( quality energy, it
is necessary to utilize at least a quintuple—( basis set. For the correlation energy, a
two—point extrapolation may be used (Equation 1.52).%7

Eeor(X) = EX +aX? (1.52)

corr

In the FPA method, a series of energies are computed at an array of methods
and basis sets in order to obtain the relative energy of a given stationary point along
the potential energy surface. See Table 1.1 for an example. The columns in the
incremental focal point analysis table correspond to the different methods utilized

and the rows correspond to the different basis sets utilized.

Table 1.1: Representative incremental focal point analysis table for the barrier height
of the CN + Hj reaction.

Basis Set HF +0MP2 +6CCSD +46(T) +dT +0(Q)  Net

aug-ccpVDZ +12.50 —11.14 +2.87 -0.77 4021  —-0.13  [+3.55]
aug—ccpVTZ 41348 —11.60  +3.07  —0.84 [+0.21] [-0.13] [+4.20]
aug—cc—pVQZ  +13.71  —11.67 +3.11 —0.85 [+0.21] [-0.13] [+4.38]
aug-ccpVSZ  +13.74  —11.65 +3.12 —0.85 [+0.21] [-0.13] [+4.44]
CBS Limit [+13.74] [-11.62] [+3.12] [-0.85] [+0.21] [-0.13] [+4.48]
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In Table 1.1, each column is the relative energy difference that method achieved
relative to the previous column. Moving across the columns of an incremental FPA
table, the amount of correlation treatment is increased and the energy increments
should approach 0, signifying convergence to the FCI limit. Moving down the rows,
the energy should converge toward one energy value, signifying convergence toward
the CBS limit for a given level of theory. As seen in the table, the energy differences
across columns can be positive or negative. It is common for the energy differences to
oscillate between positive and negative as they converge. The increment at the highest
level of theory should ideally be less than or equal to |0.1] kcal mol, ! signifying that
the energy has converged toward the FCI limit.

As shown in the table, the numbers in brackets were obtained using the extrapola-
tion equations. The CCSD(T) method recovers a majority of the correlation energy,
but not all. It is important to continue past this method to achieve chemical accuracy
for many systems.?® This example utilized methods up to CCSDT(Q). Methods such
as CCSDT and CCSDT(Q) are typically only utilized with double zeta and triple zeta
basis sets, depending on computational cost. When affordable, coupled cluster meth-
ods with higher excitations and larger Dunning basis sets than those demonstrated
above may be utilized in order to achieve satisfactory convergence to the FCI/CBS
limit.

In FPA, a series of additive energy corrections may be included which account
for approximations that were made when computing electronic energies and during
the optimization. It is typical for electronic structure packages to by default use the
frozen—core approximation, which assumes that determinants where core electrons
have been excited may be ignored. The core—valence correlation (dcorz) can be ac-
counted for as the difference between an all-electron and frozen—core computation
with an appropriate basis set such as a cc—pCVXZ basis set which includes core elec-

tron correlation. As mentioned in Section 1.1, the Born—Oppenheimer approximation
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assumes that the nuclei are frozen as a result of the large time—scale difference between
nuclei and electrons. It is simple to account for this approximation by including the
diagonal Born—-Oppenheimer correction (dpgoc) using HF and an appropriate basis
set, such as aug—cc-pVTZ.?? It is typical for dpgoc corrections to be small, typically
on the scale of 0.01 kcal mol~!. Some systems will exhibit much larger dppoc cor-
rections, which may be evidence of a nearby conical intersection or may correspond
to a transition state with a large imaginary frequency.3® Relativistic effects have the
greatest effect on heavy elements as the electrons in these elements have the ability
to achieve speeds approaching the speed of light. The Schrodinger equation does
not account for relativity, so relativistic effects can be accounted for (drgL) as the
difference between a computation with and without relativistic effects included. To
convert electronic energies into comparable relative enthalpies, it is necessary to in-
clude the zero—point vibrational energy (dzpyvg). Compiling the FPA energy and all

of the additive energy corrections gives the reaction enthalpy.

AHok = AEccspr(q)/oBs + 0core + dpBoc + OREL + 0zPVE (1.53)

Transition State Theory

Of particular interest in quantum chemistry is the determination of accurate rate
constants for reactions at various temperatures and pressures.3! Theoretical calcu-
lations can be used where experimental rate constants have not been determined or
could be exceedingly difficult. A common method for computing rate constants is
canonical transition state theory (TST). In order to utilize TST, it is necessary to
have highly accurate knowledge of the reaction’s potential energy surface. Ab initio
methods, like FPA, are excellent for providing this high level of accuracy. Due to the

nature of TST, as the error in the activation barrier height increases, the error in the
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rate constants will increase exponentially. Thus, knowing the barrier heights of these
reactions to chemical accuracy is of the utmost importance for obtaining accurate
rate constants.

Consider a hypothetical bimolecular reaction where the reactants first form a pre—

reactive complex (PRC) before reacting:

Reactants == PRC —2 Products (1.54)

-1
The total rate constant for the forward direction of this reaction is equal to the
product of the rate constants for each step. The rate constant for PRC formation is
the ratio between the rate of step one (k1) and the sum of the reverse of step one
(k—1) and the rate of step two (kg), and the rate constant for irreversible product
formation is (k):

ki

krotal = ———Fk 1.
ot = ko (1.55)

If we assume the transition state between the PRC and the products lies above the
relative enthalpy of the reactants, we can assume k_; > ko, which simplifies the total

rate equation:

k
kTotal - k_1k2 - Keqk2 (156)
-1

where K., is the equilibrium constant for the reaction between the reactants and the
PRC. K., may also be represented here as the ratio between the canonical partition

functions for the PRC and the reactants (R).

PRC
Keq - CBQ—R (157)

The rate constant for the second step of the hypothetical reaction (k2) can be ex-

pressed as: 3233

kT QT9(T)

]

(1.58)
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where kg is the Boltzmann distribution, T' is temperature in Kelvin, h is Planck’s
constant, k(7' is the temperature dependent transmission coefficient, and Q(7') is the
canonical partition function either for the transition state (T'S) or the pre-reactive
complex. Combining the equations for K., and ks results in the following expression

fOI' k'Total:

krota(T) = E™N(T) = &(T)

kT Q °(T) exp <_AH1> (1.59)

h  QXT) kgT
where AH* is the barrier height of the transition state.
There are multiple ways to represent x(7'). Wigner proposed a simple approxi-

mation: 34

W(T) =1+ i {%r (1.60)

where w? is the imaginary frequency associated with the transition state. This ap-
proximation is most successful when hw! > kpT'. Tunneling may also be accounted
for by fitting the reaction coordinate corresponding to the minimum energy reac-
tion path to an Eckart potential.?® This method provides an excellent estimate of
k(T) in the limit of single-dimensional tunneling. An even more sophisticated model
for treating one-dimensional tunneling is via small curvature tunneling (SCT'). This
method is designed to take into account the curvature of the reaction—path, thus pro-
viding a better approximation of the tunneling contributions present in a reaction.?
This type of model becomes more important for reactions where tunneling effects are
quite dominant. Even though SCT can provide an excellent tunneling model, Eckart
tunneling has proven to be a sufficient model for numerous reactions, particularly at
moderate to high temperatures.®” 42

In order to represent the canonical partition functions necessary for the calcula-

tion of rate constants via TST, the rigid-rotor harmonic oscillator approximation is

generally utilized. The partition function Q(7') can be represented as a product of
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the partition functions of the individual degrees of freedom in a molecule.

Q(T) = Qrrans(T)QEiec(T)Qrot (T)Qvin(T) (1.61)

The vibrational modes of the smallest magnitude frequencies contribute the most to
the vibrational partition function at all temperatures. The smallest harmonic fre-
quencies often correspond to bending modes or hindered rotations which typically
have a lot of anharmonicity. Treating these small modes as harmonic oscillators leads
to overestimation of the vibrational partition function, especially at higher tempera-
tures.

Canonical transition state theory is not the only method that provides theoret-
ical rate constants. TST is convenient because the rigid—-rotor harmonic oscillator
approximation (RRHO) may be used to compute the partition functions in order to
define its free energy. Variational transition state theory (VTST) variationally moves
the reference point along the surface that is used to obtain the free energy until the

rate constant is minimized. VST is defined via the following:

YNz
kvrsr(T) = min kT _Qrs(Ts) e( BT )

1.62
$ h QReactants (T) ( )

where s is the path length along the reaction path where kyrsr(T) is evaluated and
s = 0 at the first-order saddle point. At high temperatures, variational transition
state theory outperforms TST, however TST still performs well at those temperatures.
At lower temperatures, TST generally outperforms VTST due to some fortuitous
cancellation of error. For these reasons, canonical transition state theory is generally
sufficient for providing rate constants for reactions with well-defined barriers like

those that will be discussed in this dissertation.
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CHAPTER 2

ENERGETICS AND KINETICS OF VARIOUS CYANO RADICAL

HYDROGEN ABSTRACTIONS!

! Burke, A.D., Bowman, M.C., Turney, J.M., and Schaefer 111, H.F., Physical Chem-
istry Chemical Physics, 2021, 23, 3389. Reprinted here with permission of the pub-

lisher. https://pubs.rsc.org/en/content/articlehtml/2021/cp/d0cp06228f
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Abstract

The cyano radical (CN) is an abundant, open—shell molecule found in a variety
of environments, including the atmosphere, the interstellar medium and combustion
processes. In these environments, it often reacts with small, closed—shell molecules
via hydrogen abstraction. Both carbon and nitrogen atoms of the cyano radical
are reactive sites, however the carbon is more reactive with reaction barrier heights
generally between 2 — 15 kcal mol™! lower than those of the analogous nitrogen. The
CN 4+ HX — HCN/HNC + X, with X = H, CHj, NH,, OH, F, SiH3, PH,, SH, ClI,
CoH, CN reactions have been studied at a high—level of theory, including CCSD(T)-
F12a. Furthermore, kinetics were obtained over the 100 — 1000 K temperature range,
showing excellent agreement with those rate constants that have been determined

experimentally.

Introduction

In addition to being one of the first radicals to be detected in the interstellar
medium (ISM), the cyano radical (CN ?X7) is also one of the most abundant open—
shell molecules found in the ISM.%34* The CN radical has been identified in Titan’s
atmosphere?® as well as the atmospheres of the outer planets and some of their satel-
lites.4® Furthermore, it is involved in the chemistry of hot molecular cores and the
outflow of dying carbon stars.*” Also, the reactions of CN radicals with unsaturated
hydrocarbons are important steps in the production of long chain nitrile species.
Because hydrogen cyanide is a common intermediate in hydrocarbon flames contain-
ing a nitrogen source, the CN radical is also particularly relevant to the combustion of
hydrocarbons.*® The cyano radical often reacts via hydrogen abstraction with small,

closed—shell molecules also found in interstellar and combustion environments. 4349
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The reaction of CN radical with Hy to form HCN and the subsequent reaction be-
tween HCN and atomic oxygen to form NO is an important aspect of NO formation
from atmospheric nitrogen and nitrogen—containing fuels.®%%! Additionally, the cyano
radical is a by—product of the decomposition of nitrogen oxide compounds.*® The pro-
duction of HCN via the abstraction of Hy by the cyano radical has been observed at
very low temperatures, such as those in the ISM.%? Other hydrogen abstractions by
the cyano radical, such as CN*®* + CH; — HCN + CHjs, are among the proposed reac-
tions that take place in Titan’s atmosphere® and HCN is an important intermediate
in combustion environments and can be produced through cyano radical hydrogen
abstractions. Accurately determining the energetics and rate constants of these reac-
tions can provide insight into what is taking place in both combustion environments
and the ISM.

In these hydrogen abstractions, either the carbon or nitrogen can abstract the
hydrogen. HCN is an important intermediate in the combustion of hydrocarbons,
but the isomer HNC has a lower stability and is rare on earth. The abundance
ratio of these two molecules in space is quite different. HNC has been observed to
be as abundant as HCN, and in some cases moreso. The HNC/HCN abundance
ratio has even been observed to be 1.55 in cold clouds with temperatures as low as
10 K.%3%* While the carbon terminal is more reactive, reactions with the nitrogen
end are still feasible and have been considered in previous studies.*3%>%° Therefore,
reactions with the nitrogen end will be examined as well. In this work, the following
hydrogen abstraction reactions of the cyano radical with various small closed—shell

molecules will be investigated using high—level ab—initio methods:

CN+HX — HCN +X (R1)
CN+HX — HNC+X (R2)

where X = H, CH;, NH,, OH, F, SiHly, PH,, SH, Cl, C,H, and CN. In this study,

we are primarily concerned with the energetics of the stationary points and kinetics
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of these reactions. Our primary goal with this work is to achieve accurate barrier
heights which paint a picture of the potential energy surfaces of each reaction pathway.
After accurately determining the barrier heights for these reactions, we can produce
reliable rate constants over a wide range of temperatures which mimic the conditions
in which these reactions occur. These highly accurate results may then be used by
experimentalists when examining yet—uncharacterized reactions involving the cyano

radical.

Methods

Equilibrium geometries of stationary points (both minima and transition states)
were optimized using the CCSD(T)-F12a% method with the aug—cc—pVTZ basis
set® in MoLPRO 2010.52 Electronic energies of stationary points along all reactions
were computed according to the focal point approach of Allen and coworkers.?324
Methods that describe electron correlation up to CCSDT(Q)% and basis sets as
large as aug-cc-pV5Z% were used in this study. CCSD(T)/aug-ccpVXZ (X =
D, T, Q, 5) single point energies were computed using MOLPRO 2010%% whereas the
CCSDT/aug—cc—pVDZ and CCSDT(Q)/aug—cc—pVDZ corrections were obtained us-
ing MRrRcc 2018.%* For third row elements (Si—— Cl), aug—ccpV(X+d)Z (X = D,
T, Q, 5)' basis sets were used to compute the CCSD(T) single point energies. As
seen in Table 2.1, there is excellent convergence to the CBS limit and good conver-
gence to the FCI limit. The CCSD(T) complete basis set energies were obtained by

extrapolating the Hartree—Fock energy and correlation energies using a three—point

exponential equation® and a two—point inverse cubic equation,%® respectively:

Foot(X) = ES + ae™ X 2.1
HF

Eeore(X) = EX 4+ aX? (2.2)

corr
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The focal point energies were obtained with the following formula:

AFEccsprq)/cs = AEccspry/css + 0 Erq) (2.3)

Table 2.1: Representative incremental focal point analysis table for the barrier height
of the CN + Hj reaction.

Basis Set HF +0MP2 +6CCSD +46(T) +dT +0(Q)  Net

aug-ccpVDZ 41248 —11.10 +2.86 -0.77 4022 —0.13 [+3.56
aug-ccpVTZ +13.46  —11.57 +3.06 —0.84 [4+0.22] [-0.13] [+4.20
aug-ccpVQZ +13.69 —11.64 +3.10 —0.85 [4+0.22] [-0.13] [+4.38
aug-ccpVdhZ  +13.72 —11.62 +3.10 —0.85 [4+0.22] [-0.13] [+4.45
CBS Limit [+13.72] [-11.59]  [+3.11] [-0.84] [+0.22] [-0.13] [+4.49

Additional corrections were made to account for approximations made during
the focal point computations. To account for the core—correlation neglected un-
der the frozen—core approximation, the difference between the CCSD(T)/aug—cc—
pCVQZ energies with and without core—electrons correlated was determined (dcorg)-
A scalar relativistic correction was obtained using X2C-CCSD(T)/aug-cc—pCVTZ-
X2C (0ggL).57% The clamped nuclei approximation was treated via diagonal Born—
Oppenheimer corrections (dpgoc)®*™ evaluated at the ROHF /aug—cc—pVTZ level of
theory.®! Both the relativistic correction and the diagonal Born—Oppenheimer correc-
tion were carried out with CFOUR 2.0.™" An experimental shift (ds0) was included
for the OH, F, Cl, and SH products to account for the splitting of the electronic ground
state due to spin—orbit coupling. ™™ Finally, zero—point vibrational energies (dzpv)
were obtained from the CCSD(T)-F12a/aug—cc—pVTZ harmonic vibrational frequen-
cies. Anharmonic contributions for the zero—point vibrational energies of the reactants
and products were also determined at the MP2/cc-—pVDZ™ 7 level of theory by ap-
plying VPT277%2 using CFOUR 2.0.™ These corrections were included if they were

considered significant (>0.1 kcal mol™!). These corrections were added together to
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obtain the relative enthalpy at 0 K:

AHyk = AFEccspr(Q)/cBs + dcore + OreL + dpBoc + 0zpve(+dso) (2.4)

Rate constants were calculated over a range of temperatures using canonical transition

state theory:3384

TS N CE:
KTST(T) :/i(T)kBTQ () ( AH) (2.5)

“n QM) TP\ kT
where Q™(T) and Q®(T) are the partition functions of the transition state (TS)
and reactants (R) and AH?* is the barrier height for the reaction. The transmission
coefficient, k(7T), was determined with an asymmetric Eckart potential barrier given
the relative enthalpies of the pre-reactive complex, transition state, and products for
each reaction as well as the imaginary harmonic vibrational frequency corresponding
to the reaction mode of the transition state.?” Eckart tunneling was used because of
its past success accurately describing the tunneling of hydrogen transfer reactions at

moderate to high temperatures.3”*° The methods we have used are the most accurate

in the 200 — 2000 K range.

Results

Energies and Geometries

Tables 2.2 and 2.3 show the reaction enthalpies at 0 K for CN H-abstractions
from the carbon and nitrogen terminals. As seen in the final two columns of each
table, the agreement between our computed reaction enthalpies and the reaction
enthalpies taken from the Active Thermochemical Tables (ATcT) (version 1.122e) is

85-87

excellent The latter results were unavailable for the reactions between CN and
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SiHy, PH3, and HoS.  All of our energy values for the carbon terminal abstractions
lie within 0.20 kcal mol~! of the ATcT values, while those of the corresponding
nitrogen abstractions lie within 0.30 kcal mol™'. The mean absolute error of the
carbon terminal abstraction reaction enthalpies is 0.09 kcal mol~! and 0.11 kcal mol™*
for the nitrogen abstractions. The root mean square error for the carbon abstractions
is 0.11 kecal mol™! and 0.14 kcal mol™! for the nitrogen abstractions. The largest

deviation for both the carbon and nitrogen abstractions is that for HF, with differences

of 0.20 kcal mol™! and 0.29 kcal mol™!, respectively.

Table 2.2: Enthalpies at 0 K (AHk) in kcal mol~! for products relative to reactants
(CN + HX — HCN + X).

Donor CBS? 5T(Q) 5CQRE 5R,EL 5DBOC 5ZPVEb (550 Total ATcTe®
H, —22.64 0.65 —0.52 0.07 0.00 0.78 —21.66 —21.76
CHy —19.78 0.6 —0.34 0.05 0.00 —2.35(0.93) —21.77 —21.66
NH; —16.92 0.64 —-0.22 —-0.03 0.09 —2.52(0.18) —18.95 —19.02
H>O —6.50 0.72 —-0.30 —-0.07 0.02 -1.06(0.16) —0.20 —-7.38 —7.38
HF 9.32 0.81 —-0.34 -0.14 0.03 1.15 —0.39 10.44 10.24
SiHy —35.55 0.63 —-0.36 —-0.06 —0.04 0.77 —34.60

PH; —44.54 0.67 —-0.36 —-1.63 —0.01 0.43 —45.44

H»>S —36.08 0.68 —-032 -1.93 -0.01 —2.46 -0.54 —40.11

HCI —24.63 0.70 —-0.29 —-0.47 0.00 2.79 —-0.84 —22.74 —22.82
CaoHs 7.12 0.38 —-0.18 —-0.07 0.02 —0.72 6.56 6.69
HNC —-14.91 -0.17 —-0.20 -0.03 0.07 0.32 —14.93 —14.89

& CBS denotes the CCSD(T)/CBS relative energy.

b Zero—point vibrational energies computed with the harmonic oscillator treatment, contribu-
tions from anharmonic treatment of the ZPVEs at the MP2/cc—pVDZ level of theory are in
parentheses.

¢ Data taken from the Active Thermochemical Tables.8% 87

Table 2.4 shows the enthalpies of the carbon terminal abstraction transition states
relative to their respective reactants. According to the results in Table 2.2, we
may expect these barrier heights to be accurate within an uncertainty of 0.20 kcal
mol~!. The transition states with NHs, PHs, and HyS have submerged barriers be-
low the relative enthalpies of their respective reactants. This suggests that these

reactions will be fast even at low temperatures. On the other hand, reactions with
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Table 2.3: Enthalpies at 0 K (AHgk) in keal mol™ for products relative to reactants

(CN + HX — HNC + X).

Donor CBSs® 5T(Q) 5CORE 5R,EL 5DBOC 5ZPVE 550 Total ATcT®
Ho -7.73 082 —-0.32 0.11  -0.10 0.46 —6.76 —6.86
CHy —-4.87 082 —-0.14 0.09 —0.02 —2.67(0.94) —-6.79 —6.77
NH; —-2.00 081 —-0.02 0.01 0.07 —2.84(0.20) -3.97 —4.13
H>O 8.41 090 —-0.10 —-0.04 0.04 —1.38(0.18) —0.20 7.64 7.51
HF 2424 098 —-0.14 -0.10 0.01 0.83 —-0.39 2543 25.14
SiHy —-20.64 080 —-0.16 —-0.03 —0.05 0.45 —19.62

PH; —-29.63 084 -0.16 —-1.60 —0.10 0.11(0.10) —30.54

H»S -21.16 0.85 —-0.12 —-1.89 —0.02 -—2.78(0.10) —0.54 —25.13

HCl -9.72 087 -0.09 -0.43 -0.03 247 —-084 =777 —-7.92
CoHs 22.04  0.55 0.02 —-0.03 0.01 —1.04 21.54  21.58
HCN 14.92  0.16 0.20 0.03 —0.10 —0.32 14.93 14.89

& CBS denotes the CCSD(T)/CBS relative energy.

b Zero—point vibrational energies computed with the harmonic oscillator treatment, contri-
butions from anharmonic treatment of the ZPVEs at the MP2/cc—pVDZ level of theory
are in parentheses.

¢ Data taken from the ATcT.%587

HF, CyH,, HCN, and HNC have barriers larger than 10 kcal mol ! so it is unlikely that

these reactions will take place at room temperature. Reactions with Hy, CHy, H,O, HCI,

and SiH, have barriers between 0 and 8 kcal mol™! so these reactions will proceed at

a modest but non—negligible rate at moderate temperatures. For the reactions with

moderate barriers, it is important to determine the barrier height to a high—level of

accuracy in order to elucidate exactly how fast each reaction will occur.

Table 2.5 shows the nitrogen terminal abstraction transition state reaction en-

thalpies relative to their respective reactants. According to the results in Table 2.3,

we may expect these barrier heights to be reliable within an uncertainty of 0.3 kcal

mol~!. None of the nitrogen terminal abstractions studied have submerged barriers,

and in every case the transition state barriers for these abstractions are higher than

those of the corresponding carbon terminal abstractions.
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Table 2.4: Enthalpies in 0 K in kcal mol~! of carbon terminal abstraction transition
states relative to reactants (CN + HX — HCN + X).

Donor CBs? 6T(Q) 5CORE 5REL 5DBOC 5ZPVE Total
Hy 4.40 0.08 —0.02 0.03 0.11 -0.37 4.24
CHy 2.43 0.17 —-0.06 —0.08 0.10 —-1.37 1.19
NH; -0.79 0.00 -0.11 -0.01 0.03 —-1.53 -241
H,O" 10.14 —-0.55 —0.13 —0.05 0.16 —2.42 7.15
HF 24.67 —0.64 0.09 —0.09 0.02 —1.53 22.53
SiH,  —0.69 0.03 —-0.04  0.02 0.01 1.02 0.35
PH; —-4.24  0.08 -0.15 0.36 0.01 0.35 —3.59
HsS —-1.15 0.05 —-0.17  0.33 0.10 0.09 —-0.75
HCl 5.09 —-0.01 -0.09 0.06 0.06 —1.64  3.47
CoHy 18.64  0.20 —0.11 0.05 0.02 —-3.55 15.25
HCN 18.47  0.00 0.02  0.00 0.15 —-2.87 15.77
HNC 13.99 0.14 0.04 -0.08 0.02 -283 11.27

2 CBS denotes the CCSD(T)/CBS relative energy.
b The transition state for the CN + Hy,O — HCN + OH reaction
was optimized at the CCSD(T)/aug-cc—pVTZ level of theory.

Table 2.5: Enthalpies in 0 K in kcal mol™! of nitrogen abstraction transition states
relative to reactants (CN + HX — HNC + X).

Donor CBS? 5T(Q) 5CORE 5REL 6DBOC 5ZPVE Total
Ho 17.69 —0.28 0.04 0.01 0.38 —1.25 16.59
CH,4 16.02 —0.20 0.13 0.04 0.06 —3.26 12.79
NHjs 8.91 0.00 0.04 —-0.01 0.01 -—-1.68 7.27
H,O 21.59 —-1.69 —-0.09 —-0.05 0.01 —-286 16.91
HF 32712 =094 —-0.03 —-0.08 —-0.01 —-3.40 28.25
SiH,4 8.57 —0.22 —-0.01 —-0.04 0.15 =209 6.36
PH; 4.90 0.04 0.06 0.33 025 —-133 4.25
HsS 9.03 —-0.76 —0.04 0.67 0.03 —1.45 747
HC1 11.60 —0.41 0.07 —0.15 0.09 —-1.73 947
CoHy 3276 —0.17 0.07 —-0.04 —-0.01 —-4.71 27.91
HCN  28.90 0.31 0.04 —-0.08 0.02 —-281 26.37
HNC 16.13 —-0.33 0.06 0.00 0.07 —=2.08 13.85

2 CBS denotes the CCSD(T)/CBS relative energy.
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Figure 2.2: Geometries of R2 transition states
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The nitrogen terminal abstractions with Hy, CHy, HoO, HF, CoHy, HCN, and HNC all
have barriers greater than 10 kcal mol~! and in some cases the barriers are greater
than 20 kcal mol~!. Because of this, these reactions are unlikely to take place at most
temperatures. The remaining reactions, NHg, HCI, SiH4, PH3, and H,S, have barriers
less than 10 kcal mol~!. These reactions are more likely to take place than the others;
but in most cases the carbon terminal abstraction will dominate.

Of the corrections reported in Tables 2.4 and 2.5, dzpyg is the largest, suggest-
ing that accurate barrier heights require accurate electronic energies as well as re-
liable vibrational frequencies. As expected, drgr, is larger for the third row donors
PHj, HsS, and HCL. The diagonal Born—Oppenheimer corrections for the reaction en-
thalpies in Tables 2.2 and 2.3 were consistently small (< 0.1 kcal mol™!) while for the
transition state barriers this is not the case, where dppoc values are as large as 0.4
kcal mol~!. The latter value is artifactual, almost surely due to a conical intersection
involving the A 2II state of the CN radical.

The isomerization energy barrier for HNC — HCN has been extensively studied
in previous theoretical studies.®® ™ In this work, it was predicted to be 44.61 kcal
mol ™!, which is in agreement with the energy value range of 44.5 — 48.2 kcal mol™!
reported by previous studies. 89079397 This large energy barrier makes it unlikely that
the HCN formed will isomerize into HNC at low temperatures. It will become more

likely at higher temperatures, but we did not consider this in the present research.

Comparison between Hydrogen Abstractions by C;H and CN

The ethynyl radical (CoH) is another radical present in the interstellar medium and
combustion environments. It is isoelectronic with the cyano radical and also has a high
affinity for hydrogen abstraction from small closed—shell molecules. The transition
state barrier enthalpies in Figure 2.3 were taken from a recent paper studying many

of the same reactions with ethynyl radical as the abstraction agent instead.*? This
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Figure 2.3: Comparison of enthalpies at 0 K in kcal mol™! of the CoH + HX —
CoH, + X transition states, optimized at the CCSD(T)-F12a/aug—cc—pVTZ-F12 level
of theory, and the CN+HX — HCN + X transition states, optimized at the CCSD(T')—
Fl12a/aug—cc—pVTZ level of theory, relative to their respective reactants. Barrier
height (AH*) values can be found in Table 2.4 herein and in the study by Bowman
and coworkers. 42

work on the ethynyl radical employed a very similar level of theory which allows
us to make accurate direct comparisons. The transition state barriers of the cyano
radical nitrogen terminal abstractions are significantly larger than the corresponding
barriers for both the cyano radical carbon terminal abstractions and the ethynyl
radical abstractions. Therefore, we have chosen to only draw comparisons between
the ethynyl radical abstractions and the cyano radical carbon terminal abstractions.
When comparing reactions, we see that abstractions of NHjs, PH3, and HyS by the
ethynyl radical and the cyano radical all have submerged barriers. In every case

except for the abstractions of NHsand PH3, the barrier of the cyano radical carbon
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abstraction is higher than the analogous ethynyl barrier. The difference between the
barrier heights of the ethynyl radical and cyano radical is less than 5 kcal mol~! for
all reactions except for the abstraction of HF and HCN. Therein the cyano radical
abstraction of HF has a barrier height 8.80 kcal mol™! higher than that of the ethynyl
radical, and the cyano radical abstraction of HCN has a barrier height 7.05 kcal mol ™!

higher than the corresponding ethynyl barrier.

Kinetics

Thus far, only the kinetics for the reactions resulting in the production of HCN
have been studied. As discussed previously, in nearly every case, the reaction re-
sulting in the production of HCN will be significantly faster than the correspond-
ing reaction producing HNC. For this reason we chose to only report rate con-
stants for a subset of reactions. Table 2.6 contains the rate constants for CN +
H,,H,O,HCI, and SiH; using the rigid—rotor harmonic oscillator approximation.
The reactions of CN + NHs, PH3, and HoS have submerged barriers, and as such the
rate constants for these reactions at all temperatures will be large as most colli-
sions result in the products NHy, PHy,and HS. On the other hand, the abstrac-
tions from CyH,, HCN, HNC, and HF encounter barriers in excess of 10 kcal mol™!
and are not expected to be very important at most temperatures. Because of these
considerations, we have only examined the rate constants for the abstractions from
H,, CH4, H,O, HCI, and SiH4. Table 2.6 displays the rate constants for the CN +
H,, CHy, H,O, HCI, and SiH, reactions.

CN + H,

Due to the simplicity of this system and its importance in interstellar and com-

bustion chemistry, CN + Hy, — HCN + H has been extensively studied in numerous

1997104

previous experimenta and theoretical studies.?8%1057114 Figure 2.4 shows fea-
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Table 2.6:

cm?

molecule™ s

1 -1

Rate constants for

proximation unless stated otherwise.

CN + HX— HCN + X
. Rate constants are obtained with the harmonic oscillator ap-

abstractions

T(K)

Hy

CH,*

H,O

HCl

SiHy

50
100
150
175
200
225
250
275
295
298
300
325
350
375
400
200

1000
1500
2000
3000
4000
5000

3.61 x 10710
7.25 x 10718
1.26 x 10716
4.30 x 10716
1.24 x 10715
3.03 x 1071
6.54 x 10~1°
1.27 x 10~
2.03 x 10714
217 x 10714
227 x 10~
3.78 x 10714
5.95 x 10~ 14
8.95 x 10~ 14
1.29 x 10713
4.23 x 10713
8.71 x 10712
3.82 x 10711
1.01 x 10710
3.69 x 10710
8.84 x 10710
1.70 x 107?

1.34 x 10717
2.71 x 10714
1.33 x 10713
2.29 x 10713
3.57 x 10713
521 x 10713
7.21 x 10713
9.59 x 10~13
1.18 x 10712
1.21 x 10712
1.24 x 10712
1.56 x 10712
1.92 x 10712
2.33 x 10712
2.79 x 1012
5.11 x 10712
3.20 x 1071t
9.25 x 10~11
1.93 x 10710
5.30 x 10710
1.05 x 1079
1.77 x 107?

8.36 x 10710
1.13x 10718
2.50 x 10718
4.14 x 10718
7.20 x 10718
1.29 x 10717
2.34 x 10717
4.22 x 10717
6.99 x 10717
7.15 x 10~17
7.48 x 10717
1.29 x 10716
2.16 x 10716
3.49 x 10716
5.47 x 10716
2.50 x 1071°
1.55 x 10713
1.15 x 10712
4.15 x 10712
212 x 10711
6.05 x 10711
1.30 x 10710

5.03 x 10721
5.87 x 1071
3.21 x 10717
1.31 x 10716
4.05 x 10716
1.03 x 10715
2.25 x 10715
4.38 x 10710
7.01 x 1071°
7.49 x 10715
7.83 x 10715
1.30 x 10714
2.05 x 10~
3.08 x 10714
4.44 x 10~
1.46 x 10713
3.36 x 10712
1.63 x 10~
4.57 x 1071
1.78 x 10710
4.38 x 10710
8.58 x 10710

2.68 x 10713
2.52 x 10713
2.81 x 10713
2.99 x 10713
3.17 x 10713
3.37 x 10713
3.57 x 10713
3.77 x 10713
3.93 x 10713
3.95 x 10713
3.97 x 10713
4.17 x 10713
4.38 x 10713
4.58 x 10713
4.78 x 10713
5.59 x 10713
9.20 x 10713
1.22 x 10712
1.48 x 10712
1.91 x 10712
2.27 x 10712
2.59 x 10712

& C—-H-C bending motion treated as an anharmonic vibration.

n

tures of the potential energy surface we obtained for this reaction.

The reaction

proceeds through a linear transition state at 4.24 kcal mol™! and then continues to

the products at —21.66 kcal mol~".

Further results for this reaction as studied in

this work can be found in the supporting information. Comparisons may be drawn

between the theoretical results presented in this work and previous theoretical studies

of this reaction; see Table 2.7. In Table 2.7, our results may be considered as the

current highest level of theory incorporating a robust geometry as well as various in-

cremental corrections to the electronic energy. The CAS+1+42+QC(3E,30)/cc—pVTZ
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Figure 2.4: Potential energy surface of the CN 4+ Hy — HCN + H reaction at 0 K

at the CCSDT(Q)/CBS//CCSD(T)-F12a/aug—cc—pVTZ level of theory. Internal
coordinates for all structures can be found in the supporting information.

results from ter Horst et al.,’® the HFB/6-311G(2d,2p) results from Carvalho-Silva
et al.,’%" and the MR-CIL,3E,30-CAS+1+2/cc—pVTZ results from He et al.!'! all
agree reasonably well with our results. The barrier heights from these studies fall
within 0.20 kcal mol~! of the barrier height we found in this study.

Table 2.6 contains the rate constants obtained for the reaction CN + Hy — HCN +
H. Rate constants were obtained using canonical transition state theory with Eckart

37:83.84 Purthermore, to account for the uncertainty in the bar-

tunneling corrections.
rier height, we evaluated rate constants with transition state barriers 0.3 kcal mol ™!
higher and lower than the barrier height of 4.24 kcal mol~! that we reported. The rate
constants with the increased barrier height of 4.54 kcal mol~! seem to match experi-

ment the best in the range 300 — 700 K. The rate constants with the decreased barrier

of 3.94 kcal mol~! overestimate the experimental rate constants over the 100 — 1000
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Table 2.7: Comparison of the CN + Hy — HCN + H abstraction at various levels of

theory. Enthalpies are given in kcal mol™!, bond distances and angles of the transition

state are given in Angstroms and degrees, respectively, and frequencies in cm ™!,

Method AH? AH, Rcnu wh

CCSDT(Q)/CBS//CCSD(T)-F12a/aug—cc—pVTZ* 4.24 —21.66 1.593  750i

QCISD(T)/6-3114++G**//B3LYP/6-311++G* 143 —20.18

CAS+1+2+QC(3E,30) /cc—pVTZe 4.3 —20.0 1.62 684:
MRCI/cc—pVQZ4 3.49 —20.46 6907
HFB/6-311G(2d,2p)® 4.41 5964
MP2/6-311G(2d,2p)® 3.19 5721
MR-CI,3E,30-CAS+1+2/cc-pVTZ! 4.44 1.685  644i
G38 3.85 —22.83 1.701 1415:
Active Thermochemical Tables —21.76

& This work.

b Zhao et al.!13

¢ ter Horst et al.?® (QC here means a Davidson correction has been included).
4 Ju et al. 112

¢ Carvalho-Silva et al.
f He et al.™!

& Albernaz and Barreto. %6

107

K range, suggesting a lower barrier height is not as reliable for this reaction.

We compared our computed rate constants with previous theoretical and experi-
mental works, as can be seen in Figure 2.5. Wagner and Bair'% computed their rate
constants using conventional transition state theory with Wigner tunneling. They
originally found a barrier height of 6.0 kcal mol™! (without zero—point vibrational
correction) which they suspected was too high to be consistent with experimental
rate constants. Instead, they reported constants using a barrier height of 4.1 kcal

105

mol~!, which reproduced experimental rate constants.!?® However, it appears their

rate constants are a bit higher than experiment, suggesting their barrier height is not

106

high enough. Albernaz and Barreto'”® obtained their rate constants using canonical
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Figure 2.5: Comparison between CN 4 Hy; — HCN + H rate constants obtained in
this work and previously reported experimental (markers)? 102194 and theoretical
rate constants (lines). 195106

variational transition state theory with Wigner tunneling. They reported a zero—
point corrected barrier height for the reaction CN + Hy — HCN + H of 3.85 kcal
mol~! which is 0.39 kcal mol~! lower than the barrier found in this research.!% This
smaller barrier height along with the variational treatment of their rate constants
likely lead to a slight underestimation of the experimental rate constants.

We also investigated the branching ratio for the reactions CN + Hy — HCN + H
and CN + Hy — HNC + H. The branching ratio between the formation of HNC ver-
sus HCN for these reactions is simply given as the ratio between canonical transition
state theory rate constants between R2 and R1 for the Hy donor at a certain temper-
ature. At higher temperatures, the branching ratio becomes more evenly distributed

between the production of HCN and HNC. In most cases, the barrier of the nitrogen
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Figure 2.6: Theoretical branching ratios for CN + Hy, — HNC/HCN + H and CN +
CH4 — HNC/HCN + CHj; as a function of temperature (40-5000 K) (this research).

terminal abstraction is at least 5 kcal mol™! greater than the barrier of the corre-
sponding carbon terminal abstraction. Therefore the production of HCN is expected
to dominate the HNC production pathway at moderate to low temperatures.
Albernaz and Barreto!'% also reported theoretical HNC/HCN branching ratios for
the reaction CN 4+ Hy — HNC/HCN + H. They predicted the branching ratio to be
temperature dependent over the range 200 — 4000 K with the CN + H, - HCN + H
reaction as the dominant channel. As the temperature increases to 4000 K, Albernaz
and Barreto found the HCN channel remains dominant with the probability > 99% in
the range of temperatures they analyzed.!°® We found similar results for the branching
ratio of this reaction, as may be seen in Figure 2.6. As the temperature increases
from 40 K up to about 350 K, the HNC/HCN branching ratio quickly decreases to a

minimum of less than 10~%, suggesting that the CN +H, — HNC + H reaction channel
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is not as important at low temperatures. As the temperature increases past this point,
the branching ratio begins to increase again, showing an increased favorability for the
production of HNC. We agree with the findings of Albernaz and Barreto that the
CN + Hy; — HCN + H pathway is the dominant reaction channel for this range of
temperatures. However, as the temperature increases, the probability of this reaction

channel decreases as the probability of the CN + Hy — HNC + H increases.

CN + CH,

The CN + CH4 — HCN + CHjs reaction has also been studied in previous experi-

159:99-102,104 511 theoretical studies'® due to its importance in both combustion

menta
environments and the ISM. Figure 2.7 shows the stationary points we obtained for
this reaction. This reaction proceeds through a transition state of (3, symmetry
with a small barrier height of 1.19 kcal mol~!. The reaction then continues to the
products HCN and CH3 at —21.77 kcal mol~!. Further results for this reaction as
studied in this work can be found in the supporting information. Rate constants for
this reaction are provided in Table 2.6. In a previous study, we found that anhar-
monic treatments of low frequency vibrational modes may be necessary for highly
accurate TST rate constants.*? For the reaction CN + CH; — HCN + CH; we also
found this type of treatment to be necessary and it has been included. Our rate con-
stants were obtained using canonical transition state theory with Eckart tunneling
corrections using an anharmonic treatment of the first degenerate vibrational mode.
Additionally, we computed rate constants for this reaction with barrier heights 0.3
kcal mol~! higher and lower than the barrier height we reported for this reaction.
The rate constants computed with the reduced (1.19 - 0.30) barrier height of 0.89
kecal mol~! significantly overestimated the experimental rate constants, while the rate

constants computed with the higher (1.19 4+ 0.30) barrier height of 1.49 kcal mol™*

had excellent agreement with experimental rate constants in the range 100 — 500 K.
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Figure 2.7: Potential energy surface of CN + CH, — HCN + CHj3 reaction at 0 K

at the CCSDT(Q)/CBS//CCSD(T)-F12a/aug—cc—pVTZ level of theory. Internal
coordinates for all structures can be found in the supporting information.

The latter result is a bit surprising because higher levels of electronic structure theory
(than those used here) tend to decrease barrier heights. However, our simple proce-
dures for predicting the rate constants may be an important part of the disagreement
between the 1.19 and 1.49 kcal mol~! barrier results.

We compared our computed rate constants with previous theoretical and experi-
mental works, as shown in Figure 2.8. Espinosa—Garcia et al.''> computed their rate
constants using canonical variational transition state theory (CVT) with multidimen-
sional tunneling, and again with ring polymer molecular dynamics (RPMD). They
computed their rate constants with a transition state barrier of 2.5 kcal mol~!. Their
CVT results seem to reproduce experimental data well in the range 300 — 1000 K
while the RPMD seem to slightly overestimate the experimental rates in the same

temperature range. Our results seem to match the experimental trend qualitatively,
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Figure 2.8: Comparison between CN + CH, — HCN + CHj rate constants obtained
in this work and previously reported experimental (markers) 116119 and theoretical
data (solid and dashed lines).'!®

but our rate constants overestimate the experimental rates in this same temperature
range. If we had used a variational treatment for our rate constants, it is possible
they would have matched experiment better at high temperatures. At lower temper-
atures, the rate constants we computed with the barrier height 1.49 kcal mol~! have
excellent agreement with experiment.

We investigated the branching ratio between the CN + CH; — HCN 4 CHj3 and
CN + CH4 — HNC + CHj; reactions using the same methodology described before.
Bethardy et al.'? reported a HNC/HCN branching ratio for the reaction CN+ CHy —
HNC/HCN + CHj of less than 107 at room temperature, which we have found to be
true at low temperatures.'?® As the temperature increases from 40 K up to around

350 K, we found there is a decrease in the branching ratio, leading to a minimum
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of less than 1079 at around room temperature. This value is in agreement with the
results reported by Bethardy and coworkers. As the temperature increases past this
point, the HNC/HCN branching ratio increases and approaches 1 as the temperature
approaches 5000 K, showing that the reaction between CN 4+ CHy may proceed over
the 12.79 kcal mol~! barrier resulting in the production of HNC + CH;s. However,
the CN + CH; — HCN + CHj reaction will remain the dominant reaction pathway of
the two. The relationship between branching ratio and temperature is illustrated in

Figure 2.6, presented earlier.

CN 4+ NH;

The reaction CN + NH3; — HCN + NHy has a submerged barrier of —2.41 kcal
mol~!. Because of this submerged barrier, rate constants for this reaction at all
temperatures will be large, as most collisions will result in the products. The exper-

112! agrees with this. The rate constants they obtained for

iment of De Juan et a
this reaction were so large that they concluded the absence of any significant poten-
tial barrier.'?! Other previous experimental and theoretical studies similarly found
that this reaction has a rapid rate.%%122124 Comparisons may be drawn between the
theoretical results presented in this work and previous theoretical studies on this re-
action, found in Table 2.8. Our results may be considered as the current highest level
of theory incorporating a robust geometry as well as various incremental corrections
to the electronic energy. The next highest level of theory [CCSD(T)] is the work by
Talbi and Smith found in Table 2.8.'2° The transition state we found is in reasonable
agreement with that which Talbi and Smith reported for the low energy pathway from
CN + NHj to HCN + NH, using their potential energy surface. Our transition state
barrier is —2.41 kcal mol™!, which is within 0.2 kcal mol~! of the transition state

reported by Talbi and Smith.'?® However, our exothermicity (—18.95 kcal mol™?) is

in near perfect agreement with the ATcT result (—19.02 keal mol™!) but quite distant
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from the earlier theoretical result (—20.78 kcal mol™!). Additionally, the geometric
parameters of our transition state are in good agreement with those of Talbi and

Smith, as can be seen in Table 2.8.

1.020

57.4 :CHNH

Figure 2.9: C; symmetric CN 4 NHj transition state found in this work optimized at
the CCSD(T)-F12a/aug—cc-pVTZ level of theory. Bond angles and bond distances
are given in degrees and in Angstroms, respectively.

Table 2.8: Comparison of CN + NH; — HCN + NH, abstraction at various levels of

theory. Enthalpies are given in kcal mol~!, bond distances and angles of the transition

state are given in Angstroms and degrees, respectively, and frequencies in cm ™!,

Theory AHI AHT RCH RNH /CHN wi

CCSDT(Q)/CBS//CCSD(T)-F12a/aug—ccpVTZ  —2.41 —18.95 1.46 1.12 137.8° 1068:
CCSD(T)/6-311++G(3df,2pd)//CCSD/6-311G(d,p)®> —2.60 —20.78 1.54 1.09 133.9° 846:

Active Thermochemical Tables —-19.02

a This work.
b Talbi and Smith. 125

CN + H,O

Due to its importance in the ISM and combustion environments, the CN +
H,0 — HCN + OH reaction has been studied in previous experimental'?¢2% and
theoretical studies.'® Figure 2.10 shows the stationary point energies we obtained
for this reaction. This reaction proceeds through a transition state of C; symmetry

with a barrier height of 7.15 kcal mol~!. The reaction then proceeds to the products
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HCN and OH at —7.38 kcal mol™!. Further results for this reaction as studied in this
work can found in the supporting information. Rate constants for this reaction can
be found in Table 2.6. Our rate constants were obtained using canonical transition
state theory with Eckart tunneling corrections. Additionally, we computed rate con-
stants for this reaction with a barrier height 0.3 kcal mol~! higher and lower than the
barrier height we reported for this reaction. The rate constants computed with both
modified barrier heights and those computed with our actual barrier height of 7.15

kcal mol~! fall between the two sets of experimental results, seen in Figure 2.11.
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Figure 2.10: Potential energy surface features for the CN + H,O — HCN + OH reac-
tion at 0 K at the CCSDT(Q)/CBS//CCSD(T)/aug—cc—pVTZ level of theory. Inter-

nal coordinates for all structures can be found in the supporting information.

We compared our computed rate constants with previous theoretical and exper-

imental studies, as illustrated in Figure 2.11. Wang et al.1?”

computed their rate
constants using both conventional transition state theory and canonical variational

transition state theory. They further corrected their CVT rate constants with small—
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Figure 2.11: Comparison between CN + H,O — HCN + OH rate constants obtained
in this work and previously reported experimental (markers)!?®12® and theoretical
data (solid and dashed lines).'?

curvature tunneling (SCT).'? They optimized their stationary points for this reaction
at the QCISD(T)/6-311+G(2df,2p)//QCISD/6-311G(d,p) level of theory. They re-
ported a transition state barrier height of 7.51 kcal mol™! with zero—point energy
included. Based on their results, Wang et al. concluded that the variational effect
is very small in the calculation of the rate constants. They also concluded that the
SCT corrections were necessary, so they consider their CVT/SCT results to be the
most reliable. '2? The TST results they reported fall between the experimental results
while their CVT/SCT results fall slightly above the experimental results reported by
Jacobs et al.'?® Our results seem to match the experimental trend well qualitatively,

falling between the experimental rate constants reported by Jacobs et al. and Szekely
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et al.'?%128 We also obtained rate constants with modified barrier heights 0.3 kcal
mol~! higher and lower than our reported barrier height to explore whether our bar-
rier was too high or too low. As can be seen in Figure 2.11, these modified barrier
heights do not significantly alter our rate constants with respect to the experimental
results. At high temperatures, our rate constants match well with the transition state
theory results reported by Wang et al.'?* We obtained a transition state barrier for
this reaction of 7.15 kcal mol~!, which is slightly lower than their transition state
barrier of 7.51 kcal mol=!.12? Future experimental studies of this reaction may be
necessary. The two experimental studies compared in this work disagree significantly,
and the theoretical results found in this study are not in excellent agreement with

either set of experimental results.

Conclusion

The energetics of the cyano radical hydrogen abstractions of Hy, CH4, NHj3, H50,
HF, SiH4, PH3, H,S, HCI1, CsH,, HCN, and HNC with both the carbon and nitrogen
terminals have been determined using highly accurate ab initio methods. We were
able to achieve sub—chemical accuracy through a variety of additive energy correc-
tions and we obtained excellent agreement with the Active Thermochemical Table
values. Accurate transition state barriers have been obtained for all reactions with
the carbon and nitrogen terminals. It was found that the carbon terminal abstrac-
tions of NH3, PH3, and HyS have submerged barriers below the relative enthalpies of
their respective reactants. Abstractions of Hy, CHy, H,O, HCI, and SiH4 have barriers
between 0 and 8 kcal mol™!. Abstractions of HF, CoHy, HCN, and HNC have barriers
larger than 10 kcal mol~!. It was also found that the nitrogen terminal abstractions
have higher barrier heights and are almost always slower than the analogous carbon

terminal abstractions. The energetics for the nitrogen terminal abstractions presented
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in this research may aid any future experimental studies of these reactions. Accu-
rate rate constants were obtained for the CN + H,/CH,/H,O/HCl/SiH; — HCN +
H/CH3/OH/Cl/SiH; reactions. Excellent agreement was demonstrated for the com-
puted rate constants for the CN 4+ Hy — HCN + H reaction with current experimental
rate constants without adjusting the barrier height. Good agreement for the com-
puted rate constants for the CN + CH; — HCN + CH3 and CN + H,O — HCN + OH
reactions with current experimental rate constants was also demonstrated. Based on
the agreement of these rate constants with experiment, the computed rate constants
for the CN + HCl — HCN + Cl and CN + SiH; — HCN + SiHj3 reactions are expected
to be reliable. The CN + HCl— Cl reaction has not been as extensively studied
as the CN + Hy/CH3/H,O — H/CH3/OH reactions, and the CN + SiH; — HCN +
SiHj3 reaction has not yet been studied, so these results will be useful to guide future

experimental and theoretical studies.
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CHAPTER 3

A HIGH-LEVEL THEORETICAL STUDY OF VARIOUS CYANO

RADICAL HYDROGEN ABSTRACTIONS FROM MID—SIZED DONORS?

2 To be submitted to Physical Chemistry Chemical Physics.
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Abstract

Hydrogen abstraction with small, closed—shell molecules is one of the most preva-
lent reactions the cyano radical undergoes. These reactions have been well-studied
in previous works. This study investigated the energetics and kinetics of hydro-
gen abstractions by the cyano radical with mid—size hydrogen donors. Both ab-
stractions by the carbon and nitrogen terminals were studied as both terminals of
the cyano radical are reactive sites. In most cases, the carbon terminal abstrac-
tion barrier height was found to be lower in energy than the corresponding nitro-
gen terminal abstraction barrier. The CN + HX — HCN/HNC + X reactions where
HX = HNCO, HOCN, trans— HONO were studied at a high-level of theory, including
CCSD(T)-F12a. Rate constants were obtained for these reactions over a wide range
of temperatures. Excellent agreement with the ATcT values was achieved via the
methods outlined in this study. The energetics and kinetics obtained here may be
used to guide future studies of these reactions as well as hydrogen abstractions by the

cyano radical of larger hydrogen donors, such as benzene or naphthalene.

Introduction

The cyano radical (CN 2X7") is one of the most abundant open-shell molecules
found in the interstellar medium.**** It has been identified in the atmospheres of
Titan and the outer planets and some of their satellites, and it has been known
to be involved in the chemistry of hot molecular cores and the outflow of dying
carbon stars.* 4" Additionally, it has been found to be important in the combustion
of hydrocarbons as HCN is a common intermediate in hydrocarbon flames containing
a nitrogen source,*® and the reactions of CN radicals with unsaturated hydrocarbons

are important steps in the production of long chain nitrile species.*® The cyano radical
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often reacts with small, closed—shell molecules found in these same environments via
hydrogen abstraction.**%° It has been found that the cyano radical can abstract the
hydrogen, forming either HCN or HNC. Reactions of this kind have been well-
studied in the past.4b100-110.115,H6,122,127 The prototypical CN + Hy — HCN/HNC +
H reaction has been studied extensively theoretically and experimentally. 4997110 A
previous study investigated this reaction and numerous other hydrogen abstractions
of small hydrogen—donors at a high level of theory to obtain highly accurate energetics
and kinetics for these reactions.*! In this study, similar high level methods will be

applied to hydrogen abstractions by the cyano radical of slightly larger hydrogen—

donors. The following reactions will be studied:

CN+HX — HCN+ X (R1)
CN+HX— HNC+X (R2)

where HX = HNCO, HOCN, and trans—HONQO. These hydrogen donors have been
chosen because of their importance in the interstellar and combustion environments
in which the cyano radical is present. Understanding how the cyano radical hydrogen
abstraction behaves with mid-size hydrogen donors may inform future studies of the
hydrogen abstractions of much larger molecules like benzene or naphthalene. HNC is
more rare than HCN on earth. However, in space HNC has been observed at times
to be as abundant as HCN. In cold clouds with temperatures as low as 10 K the
HNC/HCN abundance ratio was observed to be 1.55.%3%* While the carbon terminal
of the cyano radical is generally more reactive than the nitrogen terminal, the HNC-
producing reactions will also be studied due to the observed abundance of HNC in
space.

This study will provide highly accurate barrier heights for the listed reactions
to illustrate a picture of the potential energy surfaces of these reaction pathways.
Additionally, reliable theoretical rate constants will be obtained for these reactions

over a wide range of temperatures which mimic the conditions in which these reactions
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occur. These results may be used to guide future studies of reactions involving the

cyano radical.

Methods

Equilibrium geometries of all stationary points were optimized using the CCSD(T)—
F12a% method with the ccpVTZ-F1213 basis set as implemented in MOLPRO
2010.52 Harmonic vibrational frequencies were obtained for each stationary point
at this same level of theory. Electronic energies of the stationary points along all the
reactions were computed according to the focal point approach of Allen and cowork-
ers. 224 Methods that describe electron correlation up to CCSDT(Q)% and basis sets
as large as aug—cc-pV5Z5! were used in this study. CCSD(T)/aug—cc—pVXZ 4131132
(X =D, T, Q, 5) single point energies were computed using MOLPRO 2010 and the
CCSDT /aug—cc—pVDZ and CCSDT(Q)/aug—cc—pVDZ energies were obtained using
MRCC 2018.'® Good convergence to the complete basis set limit was demonstrated
for all stationary points; an example is shown in Table 3.1. A three—point exponential
equation® (Equation 3.1) was used to estimate the CBS limit for the SCF energies,
and a two-point inverse cubic equation®® (Equation 3.2) was used to extrapolate

post—Hartree—Fock energies.

B(X) = By + ae™™ (3.1)

Eeor(X) = EX +aX? (3.2)

corr

Additive high—order energy corrections were included for the CCSDT and CCSDT(Q)

correlation. The focal point energies were obtained with the following formula:

AFEccspr(q)/cs = AEccsp(ry/ces + 0Erq) (3.3)
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Table 3.1: Representative incremental focal point analysis table for the products of
the CN + HNCO — HCN 4 NCO reaction relative to the reactants. Additional focal
point tables can be found in the supporting information.

Basis Set HF +6 MP2 4+0CCSD  +46(T) +dT  +4(Q) Net

aug-ccpVDZ —24.69 +12.18 —4.42 +1.77  40.18  +0.06 [—14.92
aug cc pVTZ —25.15  +12.01  —4.67  +2.03 [+0.18] [+0.06] [-15.55
aug cc pVQZ  —24.90  +12.18  —4.67  +2.08 [+0.18] [+0.06] [-15.08
aug cc pV5Z  —2480  +1223  —468  +2.10 [+0.18] [+0.06] [~15.01
CBS Limit  [-24.90] [+12.28] [-4.69] [+2.12] [+0.18] [+0.06] [-14.96

Additional energy corrections were included to account for various approximations
made during the focal point computations. To account for the core—correlation ne-
glected under the frozen—core approximation, the difference between the CCSD(T) /aug—
cc—pCVQZ energies with and without core—electrons correlated was determined (0corg)-
A scalar relativistic correction was obtained using X2C-CCSD(T)/aug—cc—pCVTZ-
X2C (0rgr).%"% The clamped nuclei approximation was treated via a diagonal Born—
Oppenheimer correction® ™ at the ROHF /aug—cc—pVTZ level of theory (dppoc).
Both the relativistic correction and the diagonal Born—-Oppenheimer correction were
carried out with CFOUR.™ A spin-orbit coupling constant (dso) was included for
NCO to account for the splitting of the electronic ground state.!3® Zero—point vi-
brational energies were obtained from the CCSD(T)-F12a/cc-pVTZ-F12 harmonic
vibrational frequencies (dzpyg). These corrections were added together to obtain the

relative enthalpy of each stationary point at 0 K:

AHpk = AEccspr(q)/cBs + dcore + OreL + 0psoc + 0zpve(+ds0) (3.4)

Rate constants were calculated over a range of temperatures using canonical tran-

sition state theory:3384

TS i t
ETST(T) = H(T)kBTT%R ((TT)) exp ( kABg ) (3.5)
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where Q™(T) and Q®(T) are the partition functions of the transition state (TS)
and reactants (R), respectively, and AH* is the barrier height for the reaction. The
transmission coefficient, x(7), was determined with an asymmetric Eckart potential
barrier given the relative enthalpies of the pre-reactive complex, transition state, and
products for each reaction as well as the imaginary harmonic vibrational frequency
corresponding to the reaction mode of the transition state.3” This tunneling treatment
was used because of its past success accurately describing the tunneling of hydrogen
abstraction reactions at moderate to high temperatures.?” *° These methods have
been observed to be the most accurate in the 200—2000 K range. *"*? Previous studies
of the rate constants of hydrogen abstractions by the cyano radical and the ethynyl
radical, which is isoelectronic, have found that the use of canonical transition state
theory with an asymmetric Eckart potential is useful for reproducing experimental

results. 4142

Results

Energies and Geometries

Table 3.2 contains the energetic breakdown for each set of products for each in-
vestigated reaction producing HCN and HNC. As seen in the final two columns of
these tables, there is excellent agreement between our computed energies and the
values taken from the Active Thermochemical Tables (ATcT) (version 1.122r).8587
The mean absolute error with respect to the ATcT values of the carbon terminal
abstraction reaction enthalpies is 0.09 kcal mol™' and 0.13 kcal mol™! for the ni-
trogen terminal abstractions. The root mean square error for the carbon terminal
abstractions when compared to the ATcT is 0.11 kcal mol™! and 0.15 kcal mol™! for
the nitrogen terminal. The largest deviation occurs for the HCN-producing reac-

tion involving HOCN at 0.16 kcal mol~! and the HNC-producing reaction involving
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trans—HONO at 0.22 kcal mol™'. The dr(q) corrections are notably large, ranging
from 0.23 to 0.69 kcal mol~'. A CCSDT /aug—cc—pVTZ correction may have improved
the observed convergence for the FPA of these stationary points, however, this com-
putation was determined to be too cost prohibitive for the transition states and pre—
and post-reactive complexes, therefore was not included for the products. The dcorg
correction is quite large for both sets of products including trans—HONO. The drgr,
and dppoc corrections are within the expected range with average magnitudes of 0.09
and 0.02 kcal mol~!, respectively. No transition state for the CN 4+ HOCN — HNC +

NCO reaction has been found, so it is not included in this study.

Table 3.2: Enthalpies at 0 K (AHgk) in kecal mol™ for products relative to reactants.

HCN Production CBS® 5T(Q) OCORE OREL ODBOC OZPVE (5sz Total ATcT®
HNCO —15.19 0.23 —-0.10 —-0.09 0.02 —-0.08 —-0.137 —15.34 —15.34
HOCN —39.74 0.33 —-0.19 -0.07 0.04 —-0.18 —-0.137 —-39.95 —40.11

t—-HONO —46.81 0.53 —0.65 0.09 0.03 —-0.18 —46.99 —47.14

HNC Production CBS® 5T(Q) OCORE OREL. ODBOC O7ZPVE (55()b Total ATcT®

HNCO —0.28 0.40 0.10 —0.05 0.00 —-0.40 —-0.137 —0.37 —0.43
t—-HONO —31.89 0.69 —0.45 0.13 0.01 —-0.50 —-32.01 —32.23

2 CBS denotes the CCSD(T)/CBS relative energy.
b Spin-orbit coupling constants are included for NCO. 133
¢ Data taken from the Active Thermochemical Tables. 8587

Optimized geometries for each transition state are shown in Figure 3.1. Further
details for each stationary point can be found in the supporting information. Table
3.3 contains the energetic breakdown for each of the transition states for the inves-
tigated reactions producing HCN and HNC. According to these results, the barrier
heights for the HCN-producing reactions may be considered accurate within an un-
certainty of 0.16 kcal mol~! and the HNC-producing reactions may be considered
accurate within an uncertainty of 0.22 kcal mol™'. The dr(q) corrections observed
for the transition states have magnitudes between 0.02 and 0.69 kcal mol™'. The
CN 4 HOCN reaction and the trans—HONO abstractions have the largest corrections

suggesting these barrier heights may benefit from the inclusion of a CCSDT /aug—cc—
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pVTZ, however as mentioned before this was determined to be too cost prohibitive.
Regardless, there is still confidence that these barrier heights are within an uncertainty
of 0.16 and 0.22 kcal mol~! for the HCN-producing and HNC-producing reactions,
respectively. The core valence correction for both trans—HONO transition states is
larger than expected with a magnitude of 0.28 and 0.29 kcal mol~! for the carbon
and nitrogen abstractions, respectively. The dpgoc correction for all transition states
except for CN + HNCO — HCN + NCO are within a reasonable range. The diagonal
Born—Oppenheimer correction for the CN +HNCO — HCN + NCO transition state is
notably large with a quantity of 1.62 kcal mol™!. An investigation into the significance
of this correction can be found in the corresponding subsection. In each transition
state, the carbon terminal abstraction barrier height is lower than the corresponding
nitrogen terminal abstraction barrier height, except for the trans—HONO transition
state. Further explanation of this can be found in the corresponding subsection. Ac-
cording to the results in Table 3.2, it is expected that the HCN and HNC-producing
barrier heights are accurate within uncertainties of 0.16 kcal mol~! and 0.22 kcal
mol ™!, respectively. Pre— and post-reactive complexes for relevant reactions are dis-

cussed in the following subsections.

Table 3.3: Enthalpies at 0 K (AHpk) in kcal mol™ for the transition states relative
to the reactants.

HCN Production CBS? 5T(Q) OCORE OrEL O9pBOC Ozpve Total

HNCO 9.43 0.02 0.06 —0.20 (1.62) —3.08 6.23P
HOCN 819 -0.69 —-0.03 —-0.03 0.18 —3.40 4.22
t—-HONO 11.59 —-0.49 —-0.29 0.05 0.03 —-0.78 10.12
HNC Production CBS? 5T(Q) OCORE OreL O9pBOC Ozpve Total
HNCO 16.15 —0.14 0.15 —-0.07 0.24 —-3.01 13.33
t—HONO 8.14 —-0.23 —0.28 0.12 0.15 —1.27 6.64

# CBS denotes the CCSD(T)/CBS relative energy.
b Does not include diagonal Born-Oppenheimer correction.
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Figure 3.1: Geometries of (R1 and R2) transition states

Table 3.4: Reaction enthalpies (A, H), transition state barrier heights (AH?), geo-
metric parameters, and transition state imaginary frequencies (w*) for the CN 4+ HX
abstractions at the CCSDT(Q)/CBS//CCSD(T)-F12a/cc-pVTZ-F12 level of theory.
The HCN and HNC Donor sections of the table reference the CN + HX — HCN + X
and CN + HX — HNC + X reactions, respectively.

HCN Donor AH AHY Rep AR%y 6, 0, wh

t—HONO —46.99 10.12 1.517 15.8% 173.6 137.4 2194;
HOCN —39.95 4.22 1.486 10.4% 180.0 180.0 2134;
HNCO —15.34  6.23 1.428 12.8% 180.0 180.0 1361:
HNC Donor A,H AH' Rxg AR%y 6, 0 W
t—HONO —32.01 6.64 1.330 23.6% 95.6 154.2 1779:
HNCO —0.37 13.33 1.248 22.0% 180.0 180.0 3439i

* ARxy = (Rxu1s — Rxieq)/Rxteq

Table 3.4 contains energetic and geometric parameters for the various reactions
investigated in this study. The ARxpy variable in Table 3.4 shows the percent change
between the XH bond length in the optimized donor molecule and the XH bond length

in the transition state, where X = O, N for trans—HONO and HOCN or HNCO, re-
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Figure 3.2: General geometric parameters of the transition states investigated in this
work.

spectively. The bond lengths used to calculate ARx g can be found in the supporting
information. A general transition state figure with appropriate labeling corresponding
to Table 3.4 is shown in Figure 3.2.

An example calculation of ARy is as follows. For the CN + trans—HONO — HCN +

NO, reaction, the ARy value is calculated to be:

(Rom,s — Rot,eq) (1.119 A —0.966 A)
: —= % 100 =
RoHeq 0.966 A

where Rom s corresponds to the OH bond distance in the optimized transition state
geometry and Ropeq corresponds to the OH bond distance in the optimized geometry
of trans—HONO. The larger the value of ARxy, the more the transition state XH
bond distance has increased from the original XH bond distance from the reactant
geometry. If a transition state more closely resembles the reactants than the products,
the ARxy value should be less than 50%, and it should be greater than 50% for
the opposite. The Hammond postulate describes how the relationship between the
geometric parameters of the transition state and the reactants is dependent on the
exothermicity of the reaction. Via the Hammond postulate, the transition state
should geometrically resemble either the reactants or the products, whichever it is
closer to in energy. The reactions investigated in this work follow this postulate.
The value for A Rxy for the CN + HNCO — HCN + NCO reaction is 12.8%, and the

energy difference between the reactants and transition state is 6.23 kcal mol~! while
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the energy difference between the transition state and the products is 21.57 kcal mol 1.
The transition state lies energetically closer to the reactants than the products, which
corresponds to the calculated ARxy value. The same principle holds for the CN +
HNCO — HNC + NCO reaction. The reactants and transition state lie 13.33 kcal
mol~! apart while the transition state and products lie 13.70 kcal mol~! apart. The
value of A Rxy for the HNC—producing reaction is 10.8% higher than that of the HCN—
producing reaction, which corresponds with the observed magnitude of the energy
differences. However, it still corresponds with the observed geometric parameters
indicating the transition state more closely resembles the reactants than the products.
For the CN + trans—HONO — HCN + NOs reaction, the energy difference between
the reactants and the transition state is 10.12 kcal mol™! and the energy difference
between the transition state and the products is 57.11 kcal mol~!. As seen with
the HNCO transition states, the CN + trans—HONO — HCN + NO, transition state
lies energetically closer to the reactants than the products, which corresponds with
the calculated ARxy value of 15.8%. For the CN 4+ trans— HONO — HNC + NO,
reaction, the energy difference between the reactants and transition state is 6.64 kcal
mol™! and the transition state is 38.65 kcal mol™! higher than the products. This
again corresponds with the A Rxy value of 23.6%, which indicates that the transition
state more closely resembles the reactants than the products.

The Evans—Polanyi principle states that the activation energy for similar reac-
tions is proportional to the reaction enthalpy. For the abstractions of HNCO, the
HCN-producing reaction proceeds through a 6.23 kcal mol™! barrier and ends in the
products at —15.34 kcal mol~!. For the HNC-producing reaction, it proceeds through
a 13.33 kcal mol™! barrier and ends in the products at —0.37 kcal mol~!. The tran-
sition state barrier and reaction enthalpy of the HNC—producing reaction are both
higher in energy than the HCN—producing, which follows the Evans—Polanyi principle

as stated above. For the abstractions of trans—HONO, the HCN-producing reaction
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proceeds through a 10.12 kcal mol™! barrier and ends in the products at —46.99 kcal
mol~!. For the HNC-producing reaction, it proceeds through a barrier of 6.64 kcal
mol~! and ends in the products at —32.01 kcal mol™!. In the case of the trans— HONO
abstraction, the Evans—Polanyi postulate does not appear to hold as the activation en-
ergy qualitatively changes ordering between the HCN and HNC-producing reactions.
It is possible this may have resulted from the large geometric differences between the
two transition states. As shown in Figure 3.1, the angle of approach of the cyano
radical is significantly different in the two transition states, with an angle of 137.4°
for the HCN-producing reaction and 154.2° for the HNC-producing. Because of the
significant geometric difference between the two transition states, this may make the
two trans—HONO reactions dissimilar, such that the Evans—Polanyi postulate should

not be expected to hold.

Kinetics

In this work, it has been observed that the HCN—producing reactions have lower
barrier heights than the corresponding HNC—producing reaction in nearly every case.
Because of this, it is expected the HCN—producing reactions will be faster, so rate con-
stants for the HCN reactions are reported below. In the case of CN + trans—HONO,
rate constants for both the HCN and HNC-producing reactions have been investi-
gated since it was discovered the barrier height for the HNC-—producing reaction is
lower in energy. Table 3.5 contains the rate constants calculated in this work using

the rigid-rotor harmonic oscillator approximation.

CN + HNCO — HCN 4+ NCO

The features of the potential energy surface obtained for this reaction can be
seen in Figure 3.4. The reaction first proceeds through a pre-reactive complex at

—1.56 kecal mol~!, which then leads to a transition state at approximately 6 or 8 kcal
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Table 3.5: Rate constants for a selection of the studied hydrogen abstractions in
cm® molecule™! s~

1

T(K) HNCO* HNCO* HOCN trans—HONO?* trans—HONOP
200 4.21 x 10719 121 x 1077 261 x 107" 1.11x107° 818 x 10718
225 8.02x 107 1.92x 10717 345 x 107" 1.76 x 107  8.66 x 1018
250 1.67 x 107'® 330 x 10717 465 x 107 2.82x 107 1.03x 107
275 3.60 x 107'® 584 x 1077 6.16 x 1071 458 x 1079  1.32 x 1077
295 6.60 x 107% 921 x 10717 767 x 107 6.79 x 107  1.68 x 1077
208 721 x107® 985 x107Y 7.92x107"® 7.20x107Y  1.74 x 107Y7
300 7.65x 107 1.03x107'% 810x 107" 7.49x107* 1.79x 107V
325 1.57x 10717 1.78 x 1076 1.06 x 107 1.23x107'® 248 x 1077
350 3.07x 10717 297 x 107 1.36 x 107 2.00x 107'® 347 x 107V
375 5.72x 10717 482 x 1076 1.74x 107 3.23x107'® 486 x 1077
400 1.02x 10716 757 x 1071 221 x 107" 515 x107¥®  6.76 x 10~17
500 6.85x 10716 3.46 x 1071° 519 x 107 277 x 1077 224 x 10716

1000 9.40 x 107" 2.12x 107 858 x 107% 360x 107 7.84x1071°

1500 9.19 x 1071 158 x 1072 429 x 10?2 362 x 107 4.80 x 10~

2000 3.78 x 10712 569 x 1072 128 x 107" 151 x 107  1.56 x 10713

3000 2.20 x 107" 2.89 x 107" 546 x 107" 886 x 10713  7.10 x 10713

5000 1.50 x 10710 1.77 x 10719 293 x 107 6.06 x 10712  3.97 x 10712

& ON + trans— HONO — HCN + NO,
b ON + trans— HONO — HNC + NO,
¢ Includes DBOC for TS.

4 Does not include DBOC for TS.

mol~!, depending on it the dppoc correction was included. The barrier height of the
transition state is largely influenced by the magnitude of the dpgoc correction. The
significance of this correction will be discussed later on. The geometric parameters of
the transition state can be seen in Figure 3.3 and Table 3.6. After proceeding through
the linear transition state, the reaction ends in the set of products, HCN + NCO at
—15.34 kcal mol~!. This reaction has been previously studied theoretically. 34135
An ab initio study by Zhang et al. of the CN + HNCO — HCN + NCO reac-
tion reported results at the UMP2/6-311G** level of theory.'®® The energetics and

geometric parameters they reported can be found in Table 3.6. They reported a bar-

rier height (AH?) of 4.96 kcal mol ™! for the transition state and a reaction enthalpy
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(AH,) of —30.94 kcal mol=!.13* They did not report a pre-reactive complex in their
findings. A different theoretical study by Sun et al. investigated the same reaction at
the HL//B3LYP/6-311+G(2d,p) level of theory,?® where HL refers to a higher-level
energy calculation. The HL method uses a combination of QCISD(T) and MP2(FC)
methods and includes the extrapolation to the CBS limit. Further explanation of this
method can be found in their study. They reported a pre-reactive complex at —1.2

kcal mol™, a AH? of 8.0 kcal mol™!, and a AH, of —14.7 kcal mol~*.

1.168 _1.428 1.134
@

T

1.237
113.3\ 173.3

1.163

Figure 3.3: C; symmetric CN +HNCO — HCN + NCO transition state found in this
work optimized at the CCSD(T)-F12a/cc-pVTZ-F12 level of theory. Bond angles
and distances given in degrees and Angstroms, respectively.

The transition states found in the studies by Zhang et al. and Sun et al. have
similar C~H and N-H bond distances, differing by less than 0.1 A, but the /CHN
angle differs by nearly 30°. When compared to the transition state found in this study,
which may be considered the highest level of theory, the angle of approach of the CN
radical increases to linearity. Additionally, the Rcy bond length decreases and the
Rny bond length increases as the level of theory increases. However, there is not a
similar trend between the relative barrier heights as the level of theory increases.

In this research, the diagonal Born—Oppenheimer correction for the transition

state for this reaction was found to have a value of 1.62 kcal mol~!, which is unusually
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Table 3.6: Comparison of the CN + HNCO — HCN + NCO abstraction at various
levels of theory. Enthalpies are given in kcal mol™!, bond distances and angles of the
transition state are given in Angstroms and degrees, respectively.

AH,. AH' AH, Ren® Rnu® Ocnn® Ren® Ryu®  Ocmn®

Zhang et al.? 496 —30.94 1.606 1.061 128.90°
Sun et al.P —1.2 8.0 —14.7 2.250 1.010 1.564 1.088 156.35°
This work® —1.56 6.23 —15.34 2567 1.006 109.9° 1.428 1.134 180.0°

@ UMP2/6-311G** 134

P HL//B3LYP/6-311+G(2d,p). 1%

¢ CCSDT(Q)/CBS//CCSD(T)-F12a/cc—pVTZ-F12. The dppoc correction is not in-
cluded for AH*.

4 Geometric parameters of the pre-reactive complex (if available).

¢ Geometric parameters of the transition state.

large. The adiabatic DBOC is evaluated as:

EDBOC = <\I/e(’l“; R)|TN|\116(’I"; R)> (37)

where W, (7r; R) is the electronic wavefunction, r is the set of electronic coordinates, R
is the set of nuclear coordinates, and Ty is the nuclear kinetic energy operator. A pre-
vious study by Allen et al. suggested that a diagonal Born—Oppenheimer correction
of this magnitude may be used as a diagnostic tool of nearby conical intersections."
Meek and Levine recommended the diagonal Born—Oppenheimer correction be ig-
nored in certain cases because the Fpgoc is non—integrable over domains including a
conical intersection due to the second derivative of the T}, operator diverging.*® For
this study, the magnitude of dppoc is taken as a signal that there may be a conical
intersection nearby. Effort has been put into locating a nearby, symmetry—breaking
transition state, but at this point one has not been found. The possibility of a nearby
conical intersection should be the topic of future study for this reaction. Neither of

the two previous studies on this reaction mentioned above drew any attention to this

idea, so it does not seem they had any inclination toward this possibility.
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Figure 3.4: Potential energy surface of the CN + HNCO — HCN + NCO reaction at
0 K at the CCSDT(Q)/CBS//CCSD(T)-F12a/cc-pVTZ-F12 level of theory. The
transition state energy is included with and without the diagonal Born-Oppenheimer
correction of 1.62 kcal mol~!. Internal coordinates for all structures can be found in
the supporting information.

Rate constants were obtained for this reaction as outlined in the Methods sec-
tion. Zhang et al. obtained rate constants using conventional transition state theory
(TST) for the temperature range 1000 — 2100 K.'3* Additionally, Sun et al. ob-
tained rate constants for this reaction using TST with the Eckart method to account
for tunneling effects in the temperature range 200 — 2500 K.'3® They reported rate
constants with and without tunneling effects included, and they concluded that tun-
neling is quite significant for this hydrogen abstraction and thus should be included.
Their study used HL//CCSD/6-31+G(d,p) energies for obtaining the rate constants.
Their HL//B3LYP/6-311+G(2d,p) transition state had an imaginary frequency of
3821, which they considered to be too small and were concerned it would lead to in-
correct tunneling results. They attempted to reoptimize the transition state to obtain
a more reasonable imaginary frequency. Using CCSD/6-31+G(d,p) they obtained an
imaginary frequency of 1908, which they considered more reasonable so proceeded

with calculating their rate constants with this transition state. They did not include
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any geometric parameters for this newly optimized transition state, but they reported
it had a HL,//CCSD/6-314+G(d,p) barrier height of 8.7 kcal mol~!.

A comparison between the rate constants obtained in this work and the previously
reported theoretical rate constants can be found in Figure 3.5. Rate constants were
reported for the transition state barrier obtained in this work with and without the
DBOC for the transition state, . The rate constants reported by Zhang et al. and Sun
et al. are both higher than both sets of rate constants obtained in this work in their
respective temperature ranges. The transition state barrier reported by Zhang et al.
of 4.96 kcal mol™! is much lower than the barriers of 6.23 and 7.85 kcal mol™! (with
and without dpgoc) found in this work, which may explain why their rate constants
are faster than those reported here. The barrier reported by Sun et al. of 8.7 kcal
mol~! is 1 — 2 kcal mol~! higher than the barriers found in this work. However, at
room temperature they determined the rate constants for this reaction are faster than
those found in this work. A comprehensive chemical kinetic data base was published
with data for reactions involving CN, NCO, and HNCO.¥" A rate law for the CN +
HNCO — HCN + NCO reaction was reported to be 2 x 10~ exp(—4456/T) with an
uncertainty of a factor of 10 at 2500 K and larger at lower temperatures.'” This
rate law was derived on the basis of their estimated rate expression for the reverse
reaction. At 2500 K, Tsang’s rate law gives a rate constant of 3.36 x 107!? with
an uncertainty of a factor of 10. In this work, the rate for this reaction with dpgoc
included at 2500 K is 1.03 x 107!, and without the dppoc correction the rate at 2500
K is 1.43 x 107!, However, given the amount of uncertainty in the rate law reported,
it is difficult to draw any conclusions between this study and the reported expression.
The rate constants for this reaction obtained in this work have an uncertainty directly
related to the uncertainty of the barrier height, which was determined to be 0.16 kcal
mol~!. However, the magnitude of the dpgoc correction plays a large role in the

magnitude of the barrier height as well, which influences the magnitude of the rate
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Figure 3.5: Comparison between CN+HNCO — HCN + NCO rate constants obtained
in this work and previously reported theoretical rate constants. 134135

constants. Further investigation of the potential for a conical intersection or some
other factor affecting the dpgoc for this reaction should be conducted to determine

how this impacts the rate constants.

CN 4+ HNCO — HNC 4+ NCO

Sun et al. also investigated the CN + HNCO — HNC 4 NCO reaction at the
HL//B3LYP/6-311+G(2d,p) level of theory.'> The energetics and geometric param-
eters of their results can be seen in Table 3.7. The reaction mechanism they reported
first proceeded to a pre-reactive complex at —2.5 kcal mol~! relative to the reactants,
and then proceeded through a transition state barrier of 14.3 kcal mol™!, and ended
in the products HNC and NCO at 0.1 kcal mol~!. The potential energy surface fea-
tures found in this study are qualitatively similar to those found by Sun et al., and

they can be seen in Figure 3.7. The reaction first proceeds to a pre-reactive complex
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Figure 3.6: C; symmetric CN + HNCO — HNC + NCO transition state found in this
work optimized at the CCSD(T)-F12a/cc—pVTZ-F12 level of theory. Bond angles
and distances given in degrees and Angstroms, respectively.

at —1.89 kcal mol™! relative to the reactants, which is followed by a transition state
barrier of 13.33 kcal mol™!, and the reaction terminates in the products HNC and

NCO at —0.37 kcal mol™!.

Table 3.7: Comparison of the CN + HNCO — HNC + NCO abstraction at various
levels of theory. Enthalpies are given in kcal mol™!, bond distances and angles are
given in Angstroms and degrees, respectively.

AH,.. AH* AH, Rxu® Rnon®  Oonn®  RBanou? Raon? Ocnnd

Sun et al.* —2.5 14.3 0.1 2053 1.016 <180.00° 1.295 1.199 < 180.00°
This work® —1.89 13.33 —0.37 2.178 1.009 180.0° 1.248 1.226 180.0°

a HL//B3LYP/6-311+G(2d,p). 3

b CCSDT(Q)/CBS//CCSD(T)-F12a/ccpVTIZ-F12.
¢ Geometric parameters of the pre-reactive complex.
d Geometric parameters of the transition state.

It was found in this study and the study by Sun et al. that the pre-reactive com-
plex is lower in energy than the resulting set of products. This suggests it is not very
favorable for the reaction to proceed past the pre-reactive complex. Qualitatively,
the two pre-reactive complexes found line up well. The geometric parameters and

energetics have good agreement. Figure 3.6 depicts the transition state found in this
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Figure 3.7: Potential energy surface of the CN + HNCO — HNC 4 NCO reaction at 0

K at the CCSDT(Q)/CBS//CCSD(T)-F12a/cc—pVTZ-F12 level of theory. Internal
coordinates for all structures can be found in the supporting information.

work. It is similar geometrically to the one found by Sun et al. The reaction enthalpy
(AH,) found by Sun et al. was slightly endothermic, while the reaction enthalpy
found in this work is slightly exothermic. The two reaction enthalpies are within 0.5
kcal mol™! of each other, but there is a qualitative energetic difference between the
two results. This may simply be a result of the levels of theory used by Sun et al. and
in this work. The uncertainty in the energetics of the HNC—producing reactions found
in this study is expected to be within 0.22 kcal mol™!. Within the amount of uncer-
tainty obtained in this work, the reaction enthalpy still remains slightly exothermic.
Additionally, the values from the ATcT suggest that this reaction should result in a
set of slightly exothermic products, as can be seen in Table 3.2. Therefore, it may be
safely concluded the reaction enthalpy for this reaction should be slightly exothermic

rather than slightly endothermic as suggested by Sun et al.
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CN 4+ HOCN — HCN 4+ NCO

To date there have been no other studies of the hydrogen abstraction of HOCN
by CN. Since HOCN is present in some of the same environments as CN, though
in lower abundance than HNCO, it seemed useful to study this reaction. Therefore,
this will simply serve as a report of the findings of this study. This reaction first
proceeds from the reactants through a transition state barrier of 4.22 kcal mol~! and
ends in the products HCN and NCO at —39.95 kcal mol~! relative to the reactants.
The features of the potential energy surface obtained for this reaction can be seen in

Figure 3.8.
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Figure 3.8: Potential energy surface of the CN +HOCN — HCN + NCO reaction at 0
K at the CCSDT(Q)/CBS//CCSD(T)-F12a/cc-pVTZ-F12 level of theory. Internal
coordinates for all structures can be found in the supporting information.

As mentioned previously, the HCN—producing reaction energetics reported here are
expected to be accurate within 0.16 kcal mol~!. The rate constants computed for this
reaction can be found in Table 3.5. Expectedly, because of the relatively low barrier

height, the rates are quite fast, especially when compared to CN + HNCO — HCN +
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NCO. The computed rate constants and low barrier height suggest this reaction may
be favorable in the moderate to high temperature range. Thus far, no transition state

for the CN + HOCN — HNC 4+ NCO has been located.

CN + trans—HONO

Initially, both the cis and trans isomers of HONO were investigated. The energy
breakdown of the isomerization transition state and the cis isomer relative to the
trans isomer found in this study can be seen in Table 3.8. It was determined that
trans—HONO is lower in energy than the cis isomer by 0.43 kcal mol~'. As shown
in Figure 3.9, the transition state barrier for the isomerization of trans—HONO to
cis—HONO was determined to be 10.49 kcal mol~!. A previous study on the CN +
HONO reaction utilizing the CCSD(T)/aug—cc—pVTZ//UMP2/6-311++G(d,p) level
of theory found that the trans isomer is 0.45 kcal mol~! lower in energy than the cis
isomer, and they found the isomerization barrier to be 9.46 kcal mol~!, which are both
in good agreement with our findings.'*® Because the barrier height for isomerization
is quite large, only hydrogen abstraction of the trans isomer has been studied at this

time.

Table 3.8: Enthalpies at 0 K in kcal mol™! for the cis—HONO isomer and the
trans—HONO — cis—HONO isomerization transition state relative to trans—HONO
at the CCSDT(Q)/CBS//CCSD(T)-F12a/cc—pVTZ-F12 level of theory.

Structure CBSa 5T(Q) 5CQRE 5REL 5DBOC 5ZPVE Total
TS 11.65 0.10 0.05 —0.03 0.01 —-1.30 10.49
cis—HONO  0.31 0.11 0.01 0.00 0.00 0.01 043

2 CBS denotes the CCSD(T)/CBS relative energy.
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Figure 3.9: Potential energy surface of the HONO isomerization at 0 K at the
CCSDT(Q)/CBS//CCSD(T)-F12a/cc—pVTZ-F12 level of theory. Internal coordi-
nates for all structures can be found in the supporting information.

CN + HONO — HCN + NOy

The studied features of the potential energy surface for this reaction can be found
in Figure 3.10. The energetics and geometric parameters of these stationary points
are shown in Table 3.9. The reaction first proceeds through a transition state barrier
of 10.12 kcal mol~*, then is followed by a post-reactive complex at —48.07 kcal mol ™!,
which then leads to the products HCN and NO, at —46.99 kcal mol~!.

Wang et al. investigated the CN + trans—-HONO — HCN + NO, reaction at
the CCSD(T)/aug—cc—pVTZ//UMP2/6-311++G(d,p) level of theory.'3® They found
that the transition state has an activation energy of 8.80 kcal mol~!. The reaction then
proceeded to a post-reactive complex at —49.87 kcal mol~! relative to the reactants
followed by the products HCN and NO, at —55.63 kcal mol~t. The post-reactive
complex was determined to be higher in energy than the products, which is interest-

138

ing, but the authors made no comment on this finding.'>® The post-reactive complex
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Figure 3.10: Potential energy surface of the CN + trans— HONO — HCN + NO, reac-

tion at 0 K at the CCSDT(Q)/CBS//CCSD(T)-F12a/cc—pVTZ-F12 level of theory.
Internal coordinates for all structures can be found in the supporting information.

found in this study has a relative energy 1.08 kcal mol~! below the products. When
comparing the relative energies in this study to Wang et al.’s, there is a difference of
1.32, 1.80, and 8.64 kcal mol~! between the two transition states, post-reactive com-
plexes, and products, respectively. The difference between the two sets of products is
quite significant. This suggests that Wang et al.’s post-reactive complex being higher
in energy than their products may be a result of the relative energy of their products
rather than the relative energy of the post-reactive complex itself. Alternatively, it
is possible that due to the level of theory utilized by Wang et al. for the optimization
of their post-reactive complex geometry, there may have been some impact on the
resulting energetics they reported. Either way, due to the level of theory utilized in
this study and the various additive energy corrections included in the relative energy,

it is expected that the result found in this study is correct.
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Table 3.9: Energetic and geometric parameters found in this study and a previous
study of the CN + HONO — HCN + NO, reaction. All bond distances are reported
in Angstroms and bond angles in degrees.

AH*Y AH,.q AH, Rcyp® Rop® /CHO* Rey® Rop® /CHOP

Wang et al.© 8.80 —49.87 —55.63 1.511 1.270 142.9° 1.069 2.372 178.7°
This work? 10.12 —48.07 —46.99 1.517 1.119 137.4° 1.069 2.312 180.0°

& Geometric parameters of the transition state.

b Geometric parameters of the post-reactive complex.

¢ CCSD(T)/aug—cc—pVTZ//UMP2/6-3114++G(d,p). 8
4 CCSDT(Q)/CBS//CCSD(T)-F12a/ccpVTZ-F12.

CN + HONO — HNC 4+ NO,

Wang et al. also investigated the CN + trans—HONO — HNC 4 NO, reaction
at the CCSD(T)/aug—cc—pVTZ//UMP2/6-311++G(d,p) level of theory.3® The en-
ergetics and geometric parameters for this reaction as studied by Wang et al. may
be found in Table 3.10. They found the reaction first proceeded to a pre-reactive
complex at —0.29 kcal mol™! relative to the reactants followed by a transition state
with a barrier of 4.87 kcal mol~!'. This was followed by a post-reactive complex at
—36.01 kcal mol~!, and ended in the products HNC and NO, at —35.03 kcal mol~*.
A previous study of hydrogen abstractions by the cyano radical observed the expected
trend that the abstraction by the carbon is accompanied by a lower transition state
barrier than the corresponding nitrogen abstraction.*! This expectation is opposed by
Wang et al.’s results as their carbon terminal abstraction barrier height was 8.80 kcal
mol~! and their nitrogen terminal abstraction barrier height was 4.87 kcal mol~1. 138

The results from this study indicate the same unexpected trend. As shown in
Figure 3.11, the reaction first proceeds through a pre-reactive complex at —1.72 kcal
mol~! relative to the reactants, which is followed by a transition state at 6.64 kcal

mol~!, which leads to a post-reactive complex at —33.75 kcal mol™! and ends in

the products HNC and NO,y at —32.45 kcal mol~!. The transition state barrier of
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Figure 3.11: Potential energy surface of the CN + trans—HONO — HNC + NO, reac-
tion at 0 K at the CCSDT(Q)/CBS//CCSD(T)-F12a/cc—pVTZ-F12 level of theory.
Internal coordinates for all structures can be found in the supporting information.

6.64 kcal mol~! is 3.48 kcal mol~! lower in energy than the corresponding transition
state for the hydrogen abstraction by the carbon found in this study. There is good
qualitative agreement between the relative energies found by Wang et al. and those
found in this study. Additionally, the geometric parameters of the stationary points
match well with the largest differences in the pre-reactive complex where the bond
distances differ at a maximum of 0.11 A and the bond angle for the approach of the
cyano radical differs by 16°. The lower barrier height of 6.64 kcal mol™! found for
this reaction mechanism, as opposed to the 10.12 kcal mol~! barrier found for the
HCN-producing reaction, may be a result of some interaction taking place between
the C atom of the CN radical and the N atom of the trans—HONO molecule. This
finding indicates that as the hydrogen donor size increases for this reaction type, the
hydrogen abstraction transition state may become more complicated. Investigating
this interaction should be the topic of a future study.

Rate constants were obtained in this study via TST for both this reaction and
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Table 3.10: Energetic and geometric parameters found in this study and a previous
study of the CN + HONO — HNC + NO, reaction. All bond distances are reported
in Angstroms and bond angles in degrees.

AH,.. AH' Ryy® Rom® /CHO* Ryp® Roy® /CHOP
Wang et al.d  —0.29 4.87 2204 0978 127.0° 1.216
This work®  —1.72 6.64 2.314 0973 143.4° 1.330 1.194 154.2°
AHpost  AH, Ryu® Rop® /CHOC
Wang et al.9 —36.01 —35.03 1.003 2.125 179.9°
This work® —33.75 —32.45 1.001 2.065 180.0°

& Geometric parameters of the pre-reactive complex.

b Geometric parameters of the transition state (if available).
¢ Geometric parameters of the post-reactive complex.

4 CCSD(T)/aug—cc—pVTZ//UMP2/6-311++G(d,p). 138

¢ CCSDT(Q)/CBS//CCSD(T)-F12a/cc—pVTZ-F12.

the HCN-producing abstraction of trans—HONO, which may be seen in Table 3.5.
Due to the difference in energy barriers found for the two reactions, it is expected
that the rate constants for CN + trans— HONO — HNC + NO, are faster than for the
HCN-producing reaction. This is in agreement with the computed rate constants.
The barrier heights for these two reactions are expected to have an uncertainty of
0.15 and 0.22 kcal mol™!, respectively. This amount of uncertainty in the barrier
height should only lead to a small uncertainty in the rate constants, suggesting that

the rate constants obtained with these barrier heights are expected to be reliable.

Conclusions

The energetics of the cyano radical hydrogen abstractions of HNCO, HOCN, and
trans—HONO with both the carbon and nitrogen terminals have been obtained using
highly accurate ab initio methods. The methods used were developed in a previous
study,*! and they were proven to be a good precedent for studying hydrogen abstrac-
tions by the cyano radical. There was good qualitative agreement of the potential

energy surface features with previous studies of the reactions investigated above. Re-
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liable results for a previously unstudied reaction, CN + HOCN — HCN 4 NCO, have
been reported. The unexpected trend predicted by a previous study concerning the
barrier height energy ordering of the HCN and HNC-producing CN + trans—HONO
reactions was observed and discussed. For the CN + HNCO — HCN + NCO reaction,
the rate constants obtained in this work did not agree particularly well with previ-
ously reported rate constants, which was likely due to the difference in the calculated
barrier heights. Additionally, the possible presence of a conical intersection may fur-
ther complicate these results, and should be considered in future studies. The rate
constants obtained in this study may be useful to guide any future experimental or

theoretical study of these reactions.
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CHAPTER 4

CONCLUDING REMARKS

In this dissertation, high-level energetics and kinetics were obtained for an array of
small molecule reactions. This was accomplished primarily utilizing ab nitio methods
such as coupled cluster and via additive energy corrections. Both of these improved
the accuracy of the approximations that must be made in order to obtain useful
energetics and rate constants.

In Chapter 2, various hydrogen abstractions by the cyano radical were studied.
It was determined that the methods described provided excellent agreement with
data obtained from the ATcT database. The rate constants obtained for the CN +
Hy — HCN + H reaction had excellent agreement with previous experimental and
theoretical results, and the rate constants obtained for the CN + CH; — HCN +
CHj reaction had good agreement with previous experimental and theoretical results.
The observed agreement helped confirm that the methodology chosen to study these
reactions was appropriate and useful for modeling hydrogen abstractions by the cyano
radical.

This finding led to Chapter 3, which was a study of various hydrogen abstractions
by the cyano radical with mid-sized hydrogen donors, such as HNCO, HOCN, and
trans—HONO. As noted, the abstractions of these larger donor molecules became
more complex to study. Additionally, there were not as many previous studies avail-
able to compare with these findings. The choice of methods utilized in this study
was supported by the excellent agreement found in the previous study and by the
excellent agreement found in this study when compared to values from the Active

Thermochemical Tables. For a few of the studied reactions, there were previous the-
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oretical results present, with which our results had good agreement. There were a
few cases where the results differed qualitatively. In these cases, it was expected
the results obtained in this study were more accurate due to the choice of methods.
At this point, there have been no experimental results published for the reactions
investigated in this chapter. Because of this, it was difficult to definitively say how
well these results would reproduce experiment. However, there is confidence in the
methods utilized here, and these results may guide future studies of these reactions.

The work accomplished in this dissertation may serve to further promote high—
level energetic studies of small molecule reactions, particularly hydrogen abstractions.
Understanding these reactions is of importance in numerous environments, such as
combustion and atmospheric chemistry. Utilizing high—level theoretical results in
conjunction with experimental results allows the creation of a useful computational
methodology for reproducing experimental results and predicting results for reactions
which have no available experimental data. The methodology developed in this dis-
sertation has been proven to provide excellent agreement in the prototypical CN +
Hy; — HCN + H reaction. This precedent led to the application of this methodology to
more complex hydrogen abstractions in an effort to understand their energetics and
kinetics. Obtaining highly accurate results for these reactions should be continued in

order to better understand the role these reactions play in the world around us.
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CHAPTER A

ENERGETICS AND KINETICS OF VARIOUS CYANO RADICAL

HYDROGEN ABSTRACTIONS: SUPPORTING INFORMATION
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Reactants

CN (2%H)
Level of Theory:
Reference: ROHF
Geometry: ~ CCSD(T)-F12a/aug-cc-pVTZ

Frequencies: CCSD(T)-F12a/aug-cc-pVTZ

Program: Morpro 2010.1

Wavefunction Diagnostics:
Ti: 0.044 Figure A.1: CN
Dy: 0.150

Cartesian Coordinates (A):

C 0.0000000000 0.0000000000 -0.6319747809

N 0.0000000000 0.0000000000 0.5419298688

Rotational Constants (GHz): 56.7159810, 56.7159810

Harmonic Vibrational Frequencies (cm™1!):

ar: 2071
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H,
Level of Theory:
Reference: ROHF
Geometry:  CCSD(T)-F12a/aug-cc-pVTZ

Frequencies: CCSD(T)-F12a/aug-cc-pVTZ

Program: Morpro 2010.1
Wavefunction Diagnostics:

Ty:  0.005

Dy: 0.008

Cartesian Coordinates (A):

H 0.0000000000 0.0000000000

H 0.0000000000 0.0000000000

0.742

=)

Figure A.2: H,

-0.3709824635

0.3709824635

Rotational Constants (GHz): 1821.5695094, 1821.5695094

Harmonic Vibrational Frequencies (cm™!):

0;: 4401
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CH,

Level of Theory:

Reference:

Geometry:

Frequencies:

Program:

T1:

Dy:

Cartesian Coordinates (A):

0.014

-0.0000000000

-0.0002218767

0.5681112097

0.4556610391

-1.0235503716

ROHF
CCSD(T)-F12a/aug-cc-pVTZ
CCSD(T)-F12a/aug-cc-pVTZ

MorprrO 2010.1
Wavefunction Diagnostics:

0.008

-0.0000000000

0.0000000000

0.8540231244

-0.9189462619

0.0649231378

1.088

Figure A.3: CHy

0.0000002049

1.0878996099

-0.3625181658

-0.3625411001

-0.3628427853

Rotational Constants (GHz): 158.8678663, 158.8678664, 158.8680262

Harmonic Vibrational Frequencies (cm™!):

aq:
e:

tQ:

3034
1570

3156 1346
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NH;
Level of Theory:
Reference: ROHF
Geometry:  CCSD(T)-F12a/aug-cc-pVTZ

Frequencies: CCSD(T)-F12a/aug-cc-pVTZ

MovrproO 2010.1
Wavefunction Diagnostics:

T1: 0.008

Program:

Dy: 0.017

Cartesian Coordinates (A):

N -0.0000004029 -0.0679223550
H 0.9373304824 0.3146230410
H -0.4686962260 0.3146253261
H -0.4686286573 0.3146253262

1.012

Figure A.4: NH;

-0.0000000000
0.0000390111
0.8117335062

-0.8117725167

Rotational Constants (GHz): 298.5712125,190.2256925, 298.5726454

Harmonic Vibrational Frequencies (cm™!):

ar: 3478 1056
e: 3609 1674
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H,O
Level of Theory:
Reference: ROHF
Geometry: ~ CCSD(T)-F12a/aug-cc-pVTZ

Frequencies: CCSD(T)-F12a/aug-cc-pVTZ

Movrpro 2010.1
Wavefunction Diagnostics:

T1:  0.009

Program:

Dy 0.020

Cartesian Coordinates (A):

0 0.0000000000 -0.0657136648
H 0.0000000000 0.5215485163
H 0.0000000000 0.5215485019

0.959 0.959

S~—~"
104.4

Figure A.5: H,O

0.0000000012
0.7576575163

-0.7576575348

Rotational Constants (GHz): 284.7781691, 436.7235659, 818.5133614

Harmonic Vibrational Frequencies (cm™!):

ar: 3834 1648
ba: 3944
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HF

Level of Theory:

Reference: ROHF
Geometry: ~ CCSD(T)-F12a/aug-cc-pVTZ
Frequencies: CCSD(T)-F12a/aug-cc-pVTZ

Movrpro 2010.1
Wavefunction Diagnostics:

T1:  0.009

Program:

Dy: 0.017

Cartesian Coordinates (A):

H 0.0000000000 0.0000000000

F 0.0000000000 0.0000000000

Rotational Constants (GHz): 627.1153524,627.1153524

Harmonic Vibrational Frequencies (cm™!):

ot: 4143
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Figure A.6: HF

-0.8713491845

0.0462285013



HCl

Level of Theory:
Reference: ROHF
Geometry: ~ CCSD(T)-F12a/aug-cc-pVTZ

Frequencies: CCSD(T)-F12a/aug-cc-pVTZ

Program: Morprro 2010.1
Wavefunction Diagnostics:

Ty:  0.005

Dy 0.013

Cartesian Coordinates (A):

H 0.0000000000 0.0000000000

Cl 0.0000000000 0.0000000000

Rotational Constants (GHz): 316.3299504, 316.3299504

Harmonic Vibrational Frequencies (cm™!):

ot: 2994
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1.277

Figure A.7: HCI

-1.2414626581

0.0352951759



CoHy
Level of Theory:
Reference: ROHF
Geometry:  CCSD(T)-F12a/aug-cc-pVTZ

Frequencies: CCSD(T)-F12a/aug-cc-pVTZ

Program: Morpro 2010.1
Wavefunction Diagnostics:

Ty: 0.012

Dy: 0.030

Cartesian Coordinates (A):

C 0.0000000000 0.0000000000
C 0.0000000000 0.0000000000
H 0.0000000000 0.0000000000
H 0.0000000000 0.0000000000

Rotational Constants (GHz): 35.2669901, 35.2669901

Harmonic Vibrational Frequencies (cm™!):

O’;ri 3503 3409 2008
ol 753 615

T 615

90

1 .06391 .206@1 .063

Figure A.8: CoH,

-0.6029509599
0.6029509598
-1.6662535492

1.6662535502



SiH,

Level of Theory:
Reference: ROHF

Geometry: ~ CCSD(T)-F12a/aug-cc-pVTZ 109.5

Frequencies: CCSD(T)-F12a/aug-cc-pVTZ

Program: MoLrprro 2010.1

Wavefunction Diagnostics:

Ty 0.009 109.5
Di: 0.019 1.479

Figure A.9: SiH,

Cartesian Coordinates (A):

Si -0.0000009937 0.0000000027 0.0000000012
H -1.4791576341 0.0023349088 -0.0000000000
H 0.4908623041 -1.3941102821 0.0584932404
H 0.4940815371 0.6452310537 -1.2359090023
H 0.4942414807 0.7465442442 1.1774157281

Rotational Constants (GHz): 85.9382004, 85.9375520, 85.9375533

Harmonic Vibrational Frequencies (cm™1!):
a: 2260
e: 982
t: 2264 930
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PH;
Level of Theory:
Reference: ROHF
Geometry:  CCSD(T)-F12a/aug-cc-pVTZ

Frequencies: CCSD(T)-F12a/aug-cc-pVTZ

Program: Morpro 2010.1
Wavefunction Diagnostics:
Ty: 0.010
Dy: 0.024 Figure A.10: PHj3

Cartesian Coordinates (A):

P 0.0000000411 -0.0680918703 -0.0000000155
H 1.1823453802 0.6974829675 -0.1383938055
H -0.4713206072 0.6974820049 1.0931384206
H -0.7110260354 0.6974822462 -0.9547441401

Rotational Constants (GHz): 134.5108534, 117.9403831, 134.5108205

Harmonic Vibrational Frequencies (cm™!):

a;: 2420 1013
e: 2428 1143

92



H,S
Level of Theory:
Reference: ROHF
Geometry: ~ CCSD(T)-F12a/aug-cc-pVTZ

Frequencies: CCSD(T)-F12a/aug-cc-pVTZ

Morpro 2010.1
Wavefunction Diagnostics:

T1: 0.008

Program:

D;: 0.019

Cartesian Coordinates (A):

S 0.0000000000 -0.0548731756
H 0.0000000000 0.8726878618
H 0.0000000000 0.8726878649

Figure A.11: H,S

-0.0000000001

0.9652217398

-0.9652217365

Rotational Constants (GHz): 143.9868205, 269.0904726, 309.7070385

Harmonic Vibrational Frequencies (cm™!):

ap: 2721 1213
ba: 2737
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HCN

Level of Theory:
Reference: ROHF
Geometry: ~ CCSD(T)-F12a/aug-cc-pVTZ

Frequencies: CCSD(T)-F12a/aug-cc-pVTZ

Program: Morprro 2010.1
Wavefunction Diagnostics:

Ty: 0.013

Dy: 0.030

Cartesian Coordinates (A):

C 0.0000000000 0.0000000000
H 0.0000000000 0.0000000000
N 0.0000000000 0.0000000000

Rotational Constants (GHz): 44.3140612, 44.3140612

Harmonic Vibrational Frequencies (cm™!):

ot: 3437 2125
T 729

94

1.067 1.156

Figure A.12: HCN

0.5591863743
1.6259526769

-0.5965181151



HNC

Level of Theory:
Reference: ROHF
Geometry: ~ CCSD(T)-F12a/aug-cc-pVTZ

Frequencies: CCSD(T)-F12a/aug-cc-pVTZ

Program: Morprro 2010.1
Wavefunction Diagnostics:

Ty: 0.014

Dy 0.034

Cartesian Coordinates (A):

N 0.0000000000 0.0000000000
H 0.0000000000 0.0000000000
C 0.0000000000 0.0000000000

Rotational Constants (GHz): 45.2604925, 45.2604925

Harmonic Vibrational Frequencies (cm™!):

ot: 3813 2053
T 465

95

0.997 1.172

Figure A.13: HNC

0.4834305016
1.4800462604

-0.6879580247



Products
CH;3 (2AY))

Level of Theory:
Reference: ROHF

Geometry: ~ CCSD(T)-F12a/aug-cc-pVTZ 120.0

Frequencies: CCSD(T)-F12a/aug-cc-pVTZ

Program: MoLPrO 2010.1 1078 1.078
Wavefunction Diagnostics: 07

Ty: 0.006 \12_0-0/

Dy: 0.011

Figure A.14: CHj

Cartesian Coordinates (A):

C 0.0000000000 -0.0000000000 -0.0000000000
H 0.0000000000 -1.0777093855 0.0000000000
H 0.0000000000 0.5388546928 0.9333237060
H 0.0000000000 0.5388546929 -0.9333237058

Rotational Constants (GHz): 143.8990480, 287.7980960, 287.7980959

Harmonic Vibrational Frequencies (cm™1!):
al: 3120
e: 3304 1421
a: 518
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NH, (?B;)

Level of Theory:

Reference: ROHF
Geometry: ~ CCSD(T)-F12a/aug-cc-pVTZ
Frequencies: CCSD(T)-F12a/aug-cc-pVTZ
Program: Movrpro 2010.1

Wavefunction Diagnostics:

T7:  0.007

D;: 0.014

Cartesian Coordinates (A):

N 0.0000000000 -0.0802397172
H 0.0000000000 0.5575201136
H 0.0000000000 0.5575201139

1.025 1.025

S~—r~"
103.0

Figure A.15: NHy

-0.0000000000
0.8025151394

-0.8025151391

Rotational Constants (GHz): 250.8006512, 389.2656141, 705.0741749

Harmonic Vibrational Frequencies (cm™!):

ai: 3375 1541
ba: 3470
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OH (211
Level of Theory:
Reference: ROHF
Geometry: ~ CCSD(T)-F12a/aug-cc-pVTZ

Frequencies: CCSD(T)-F12a/aug-cc-pVTZ

MovrproO 2010.1
Wavefunction Diagnostics:

T1:  0.008

Program:

Dy: 0.017

Cartesian Coordinates (A):

0 0.0000000000 0.0000000000

H 0.0000000000 0.0000000000

Rotational Constants (GHz): 565.8814452, 565.8814452

Harmonic Vibrational Frequencies (cm™!):

ot: 3738
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Figure A.16: OH

-0.0575165941

0.9129819196



SiH;3 (24;)
Level of Theory:
Reference: ROHF
Geometry: ~ CCSD(T)-F12a/aug-cc-pVTZ

Frequencies: CCSD(T)-F12a/aug-cc-pVTZ

Program: Morpro 2010.1
Wavefunction Diagnostics:
T1: 0.013
Figure A.17: SiHj
D;: 0.035

Cartesian Coordinates (A):

Si 0.0000000003 -0.0435800318 0.0000001886
H -0.0006845217 0.4047739671 -1.4106892395
H 1.2220361900 0.4047756383 0.7047491830
H -1.2213516767 0.4047756361 0.7059348018

Rotational Constants (GHz): 142.0588464, 83.9843854, 142.0583091

Harmonic Vibrational Frequencies (cm™!):

ai: 2227 770
e: 2261 939
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PH, (°B)

Level of Theory:

Reference: ROHF
Geometry: ~ CCSD(T)-F12a/aug-cc-pVTZ
Frequencies: CCSD(T)-F12a/aug-cc-pVTZ
Program: Movrpro 2010.1

Wavefunction Diagnostics:

T1:  0.009

Dy: 0.022

Cartesian Coordinates (A):

P 0.0000000000 -0.0603505120
H 0.0000000000 0.9272785444
H 0.0000000000 0.9272785471

1.419 1.419

S~~~

Figure A.18: PHy

-0.0000000001

1.0196157769

-1.0196157741

Rotational Constants (GHz): 128.2069785,241.1456418, 273.7464142

Harmonic Vibrational Frequencies (cm™'):

ai: 2396 1128
bo: 2404
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SH (%II)
Level of Theory:
Reference: ROHF
Geometry: ~ CCSD(T)-F12a/aug-cc-pVTZ 1.343

Frequencies: CCSD(T)-F12a/aug-cc-pVTZ

Program: Movrpro 2010.1

Wavefunction Diagnostics:
Ty 0.007 Figure A.19: SH
Di: 0.018

Cartesian Coordinates (A):

H 0.0000000000 0.0000000000 -1.3018375700

S 0.0000000000 0.0000000000 0.0409287010

Rotational Constants (GHz): 286.8305109, 286.8305109

Harmonic Vibrational Frequencies (cm™!):

ot 2700
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C,H (2T+)

Level of Theory:

Reference: ROHF
Geometry: ~ CCSD(T)-F12a/aug-cc-pVTZ
Frequencies: CCSD(T)-F12a/aug-cc-pVTZ
Program: Movrpro 2010.1

Wavefunction Diagnostics:

T7: 0.014

Dy: 0.032

Cartesian Coordinates (A):

C 0.0000000000 0.0000000000
C 0.0000000000 0.0000000000
H 0.0000000000 0.0000000000

Rotational Constants (GHz): 43.9464233,43.9464233

Harmonic Vibrational Frequencies (cm™!):

ot: 3445 2020
T 370
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1.064; ; 1.211 ;;

Figure A.20: CoH

-0.6725882558
0.5381060408

1.6025417027



Pre-Reactive Complexes

CN+ H,—- HCN+H

Level of Theory:

Reference: ROHF
3.269

Geometry:  CCSD(T)-F12a/aug-cc-pVTZ m._,..n-..........ioﬁrz
Frequencies: CCSD(T)-F12a/aug-cc-pVTZ \_/ 3260 Tt
Program: MoLPRO 2010.1 1735

Wavefunction Diagnostics: Figure A.21: PRC (CN+H, — HCN +
Ty: 0.041 H)
Dq: 0.149

Cartesian Coordinates (A):

C 0.0000000000 0.0000000000 -0.3529809957
N 0.0000000000 0.0000000000 0.8209492554
H 0.0000000000 0.3712222556 -3.6009758503
H 0.0000000000 -0.3712222556 -3.6009758503

Rotational Constants (GHz): 13.5293712,13.6307420, 1819.2169740

Harmonic Vibrational Frequencies (cm™1!):

a;: 4392 2071 85 124
bo: 160

Incremental Focal Point Analysis Table (kcal mol~!):

Basis ROHF +6MP2 +46CCSD  +44(T) +0T +4(Q) Net

aug-cc-pVDZ  —0.08 —0.28 +0.03 —0.04 —0.00 —0.00 [-0.37]
aug-ce-pVTZ  —0.05 027  +0.04  —0.03 [-0.00] [-0.00] [-0.32]
aug-ccpVQZ  —0.02  —0.26  +0.05  —0.03 [-0.00] [—0.00] [—0.27]
aug-ce-pV5Z  —0.01 025  +0.04  —0.03 [-0.00] [-0.00] [-0.25]
CBS LIMIT  [-0.01] [-0.23] [+0.04] [-0.03] [-0.00] [-0.00] [-0.24]

AHok = AEccsp(t)/cBs + 0zpPVE + 01(Q) + 0CORE + OREL + dDBOC
= —0.23 +0.34 — 0.01 + 0.00 — 0.07 4+ 0.19 = 0.22 kcal mol~!
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CN + H, - HNC + H

Level of Theory:

Reference: ROHF
Geometry: ~ CCSD(T)-F12a/aug-cc-pVTZ
1174 2 863 0.743
Frequencies: CCSD(T)-F12a/aug-cc-pVTZ QH, NG o)
Program: Movrpro 2010.1
Wavefunction Diagnostics: Figure A.22: PRC (CN + H,)
T1: 0.041
Dy: 0.149
Cartesian Coordinates (A):

N 0.0000000000 0.0000000000 -0.2702877289

C 0.0000000000 0.0000000000 0.9033919869

H 0.0000000000 0.0000000000 -3.1332849597

H 0.0000000000 0.0000000000 -3.8758644170

Rotational Constants (GHz): 14.0920604, 14.0920604

Harmonic Vibrational Frequencies (cm™!):

ot: 4391 2072 108
i 181 22

Incremental Focal Point Analysis Table (kcal mol™!):

Basis ROHF +6MP2 +446CCSD +44(T) +0T +4(Q) Net

aug-cc-pvVDZ  —0.17 —0.40 +0.09 —0.05 —0.01 —0.00 [-0.55]
aug-ccpVTZ  —0.15  —0.40  +0.09  —0.05 [-0.01] [-0.00] [-0.52]
aug-ccpVQZ  —0.07  —0.37  +0.10  —0.04 [=0.01] [—0.00] [—0.40]
aug-ce-pV5Z  —0.06 034  +0.10  —0.04 [-0.01] [-0.00] [-0.37]
CBS LIMIT  [-0.06] [-0.31]  [+0.09] [-0.04] [-0.01] [-0.00] [—0.34]

AHok = AEccsp(r)/cBs + 0zpVE + 01(Q) + dCORE + OREL + dDBOC
= —0.32 + 0.66 — 0.02 + 0.00 + 0.00 + 0.02 = 0.34 kcal mol~*
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Transition States

CN+ H,—- HCN+H

Level of Theory:

Reference: ROHF
Geometry: CCSD(T)-F12a/aug-cc-pVTZ 1.185 1.593 0.790
Frequencies: CCSD(T)-F12a/aug-cc-pVTZ ' ﬁ@ @
Program: Morpro 2010.1
Wavefunction Diagnostics: Figure A.23: TS (CN + Hy — HCN +
Ty: 0.028 B
Di: 0.097
Cartesian Coordinates (A):

C 0.0000000000 0.0000000000 -0.4492016545

N 0.0000000000 0.0000000000 0.7358905242

H 0.0000000000 0.0000000000 -2.0417298808

H 0.0000000000 0.0000000000 -2.8316125133

Rotational Constants (GHz): 22.6706911,22.6706911

Harmonic Vibrational Frequencies (cm™!):

ot: 3088 2001 750:
m: 431 132

Incremental Focal Point Analysis Table (kcal mol™!):

Basis ROHF  +6MP2 +§CCSD  +46(T) +éT  +6(Q) Net

aug-cc-pVDZ  +12.50  —11.14 +2.87 -0.77 4021  —0.13  [+3.55]
aug-cc-pVTZ  +13.48  —11.60 +3.07 —0.84  [+0.21] [-0.13] [+4.20]
aug-cc-pVQZ  +13.71  —11.67 +3.11 —0.85 [+0.21] [-0.13] [+4.38]
aug-cc-pV5Z  +13.74  —11.65 +3.12 —0.85 [+0.21] [-0.13] [+4.44]
CBS LIMIT  [+13.74] [-11.62] [+3.12] [-0.85] [+0.21] [-0.13] [+4.48]

AHok = AEccsp(t)/cBs + 0zpPVE + 01(Q) + 0CORE + OREL + dDBOC
= 4.40 — 0.37 4+ 0.08 — 0.02 + 0.03 + 0.11 = 4.24 kcal mol !
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CN + H, - HNC + H

Level of Theory:
Reference: ROHF

G try:  CCSD(T)-F12 -cc-pVTZ
eometry (T) a/aug-cc-p 0.864

Frequencies: CCSD(T)-F12a/aug-cc-pVTZ

Program: Movrpro 2010.1 1186
Wavefunction Diagnostics: ’
H)
D 0.213
Cartesian Coordinates (A):

N 0.1272018683 0.0000000000 -0.3755122798
C -0.0912393850 0.0000000000 0.7903786967
H -0.2272181635 0.0000000000 -1.6832279975
H -0.4531816168 0.0000000000 -2.5169730828

Rotational Constants (GHz): 26.9974073,26.1783866, 862.9189757

Harmonic Vibrational Frequencies (cm™!):

a’: 23371 2091 1845 779 103
a: 782

Incremental Focal Point Analysis Table (kcal mol~!):

Basis ROHF 4+0MP2 +6CCSD +4(T) +0T  +6(Q) Net

aug-cc-pVDZ  +26.03 —7.30 —0.46 —-1.67  4+0.06 —0.34  [+16.32]
aug-ce-pVTZ  +26.92 —7.80  —0.05  —1.72 [+0.06] [~0.34] [+17.06]
aug-ce-pVQZ  +27.19  —7.99  +0.06  —1.74 [+0.06] [~0.34] [+17.23]
aug-cc-pVboZ +27.23 —-7.97 +0.10 —1.74 [+0.06] [-0.34] [+17.34]
CBS LIMIT  [+27.24] [-7.95]  [+0.14] [-1.74] [+0.06] [-0.34] [+17.41]

AHok = AEccsp(t)/cBs + 0zpPVE + 01(Q) + 0CORE + OREL + dDBOC
=17.69 — 1.25 — 0.28 + 0.04 + 0.01 + 0.38 = 16.59 kcal mol~!
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CN + CH, — HCN + CHj;

Level of Theory:

1.086
Reference: ROHF
Geometry: CCSD(T)-F12a/aug-cc-pVTZ 1.643 1.147 112.1
Frequencies: CCSD(T)-F12a/aug-cc-pVTZ 1.086
Program: MovrproO 2010.1

Wavefunction Diagnostics:

1.086
Ty: 0.024 )
Figure A.25: TS (CN + CHy — HCN +
D12 0.097 CHg)
Cartesian Coordinates (A):
C -0.0000000000 0.0000000000 0.6694214628
N -0.0000000000 0.0000000000 1.8394835943
H .0000000000 0.0000000000 -0.9735927729
C .0000000000 0.0000000000 -2.1205017354
H .0407464759 0.0000000000 -2.4323030494
H -0.5203732379 -0.9013128870 -2.4323030494
H -0.5203732379 0.9013128870 -2.4323030494

Rotational Constants (GHz): 3.9710148,3.9710148, 154.3019336

Harmonic Vibrational Frequencies (cm™!):

a’: 3189 3068 2115 1852 1481 1274 1214 307.74i 263 63
a”: 3189 1481 1274 262 63
Incremental Focal Point Analysis Table (kcal mol~!):

Basis ROHF  +6MP2 +44CCSD +4(T) +iT  +6(Q) Net
aug-cc-pVDZ +9.57 —9.57 +2.92 —0.89 +0.28 -0.10  [+2.21]
aug-cc-pVTZ  +10.06  —10.13 +3.09 —0.90 [+0.28] [-0.10] [+2.29]
aug-cc-pVQZ  +10.24  —1017  +3.12  —091 [+0.28] [~0.10] [+2.46]
aug-cc-pVbZ  +10.27  —10.12 +3.12 —0.90 [+0.28] [-0.10] [+2.54]
CBS LIMIT  [+10.27] [-10.06] [+3.11] [-0.89] [+0.28] [-0.10] [+2.60]

AHok = AEccsp(r)/cBs 1 0zpvE + 01(Q) + 0CORE + OREL + dDBOC
=243 —-1.37—0.17—0.06 — 0.08 + 0.10 = 1.19 kcal mol~!
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CN + CH, — HNC + CH;

Level of Theory:

Reference: ROHF 1.086

Geometry: ~ CCSD(T)-F12a/aug-cc-pVTZ 138
Frequencies: CCSD(T)-F12a/aug-cc-pVTZ 086 T30
Program: MovrproO 2010.1

1.186

Wavefunction Diagnostics:

Ty 0.045 glgu)re A.26: TS (CN + CH4 — HNC +
3

Dy: 0.203

Cartesian Coordinates (A):

N 0.0000000000 -0.2099914824 0.6604948996
C 0.0000000000 0.1707590370 1.7838655116
H 0.0000000000 -0.0668530267 -0.7249558774
C 0.0000000000 0.0583250712 -1.9365666359
H 0.0000000000 1.1302368195 -2.1097668872
H 0.9094848134 -0.4375600668 -2.2620544093
H -0.9094848134 -0.4375600668 -2.2620544093

Rotational Constants (GHz): 4.7058258,4.7509181, 116.0661990

Harmonic Vibrational Frequencies (cm™!):

a’: 3066 20407 2015 1448 1261 610 379 63 31
a”: 3205 1447 1196 376
Incremental Focal Point Analysis Table (kcal mol~!):

Basis ROHF  +6MP2 +d6CCSD  +4(T) +0T  +6(Q) Net
aug-cc-pVDZ  +24.36 —7.66 +0.35 —2.12 +0.18 —0.38  [+14.73]
aug-cc-pVTZ  +24.85  —8.14 +0.72 —2.08 [+0.18] [-0.38] [+15.14]
aug-cc-pVQZ  +25.16  —824  +0.85  —2.09 [+0.18] [~0.38] [+15.48]
aug-cc-pVbZ  +2520  —8.14 +0.88 —2.08 [+0.18] [-0.38] [+15.67]
CBS LIMIT  [+25.21] [-8.04] [+0.91] [-2.06] [+0.18] [-0.38] [+15.82]

AHok = AEccsp(t)/cBs + 0zpvE + 01(Q) + 0coRE + IREL + dpBOC
= 16.02 — 3.26 — 0.20 + 0.13 4+ 0.04 + 0.06 = 12.79 kcal mol !
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CN + NH; - HCN + NH;

Level of Theory:

Reference: ROHF
Geometry: ~ CCSD(T)-F12a/aug-cc-pVTZ
Frequencies: CCSD(T)-F12a/aug-cc-pVTZ
Program: MovrproO 2010.1

Wavefunction Diagnostics:

T1:  0.045

D;: 0.205
Cartesian Coordinates (A):
C -0.1930371157 0.0000000000
N 0.1240334970 0.0000000000
H -0.5417518488 0.0000000000
N -0.0055362110 0.0000000000
H 0.5976874709 -0.8219316534
H 0.5976874709 0.8219316534

.5665903100

.6899509343

.8689157330

.8470882501

.8545773794

.85645773794

Rotational Constants (GHz): 5.0194476,5.0036654, 166.1713330

Harmonic Vibrational Frequencies (cm™1!):

1.020

Figure A.27: TS (CN + NH3 — HCN +
NH,)

a’: 3451 2160 1824 1580 1067¢ 862 380 127
a”: 3551 1453 562 152
Incremental Focal Point Analysis Table (kcal mol~!):

Basis ROHF +6MP2 +6CCSD +4(T) +0T  +6(Q) Net
aug-cc-pVDZ  +5.39 —2.41 —2.08 —1.65 +0.28 —0.27  [-0.74]
aug-ccpVTZ +570 —321  —204  —1.57 [+0.28] [-0.27] [—1.13]
aug-cc-pVQZ +597  —3.35 —1.98 —-1.59 [+0.28] [-0.27] [-0.93]
aug-cc-pV5Z  +6.02  —3.32  —1.97  —1.58 [+0.28] [-0.27] [-0.84]
CBS LIMIT  [+6.02] [-3.29] [-1.96] [-1.57] [+0.28] [-0.27] [-0.79]

AHok = AEccsp(r)/cBs + 0zpVE + d1(Q) + 0CORE + OREL + dpBOC
= —0.79 — 1.53 4+ 0.00 — 0.11 — 0.01 4+ 0.03 = —2.41 kcal mol~*
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CN + NH; - HNC + NH;

Level of Theory:

Reference:
Geometry:
Frequencies:

Program:

MoLrprro 2010.1

Wavefunction Diagnostics:

Ty:  0.036

D;: 0.163

Cartesian Coordinates (A):

N -0.5070289888
C 0.4713907010
H -0.6617303346
N 0.0584015653
H 0.6393736215
H 0.6393736215

-0.

ROHF
CCSD(T)-F12a/aug-cc-pVTZ

CCSD(T)-F12a/aug-cc-pVTZ

.0000000000
.0000000000
.0000000000
.0000000000

.8350936388

8350936388

1.132

1.381

-62.1 :NHNH
62.1 :NHNH

Figure A.28: TS (CN + NH3 — HNC +

NH,)

.6798234275

.356569919725

.6923726031

.5660884292

.5751441262

.5751441262

Rotational Constants (GHz): 7.2401786,6.6515466, 56.2229513

Harmonic Vibrational Frequencies (cm™!):

a’: 3476 1992 1903 1586 902: 794 409 132
a”: 3586 1450 513 154
Incremental Focal Point Analysis Table (kcal mol~!):

Basis ROHF +6MP2 +6CCSD  +44(T) +6T +4(Q) Net
aug-cc-pVDZ +4.91 +6.01 —1.44 —1.04 +0.01 —0.00 [+8.45]
aug-cc-pVTZ  +546  +5.31 ~153  —0.78  [+0.01] [-0.00] [+8.47]
aug-cc-pVQZ 4576  +5.22 —151 =076  [+0.01] [-0.00] [+8.72]
aug-ce-pVSZ 4582  +5.28 —1.52  —0.74  [+0.01] [-0.00] [+8.84]
CBS LIMIT  [+5.83] [+5.33]  [-153] [-0.72] [+0.01] [-0.00] [+8.91]

AHok = AEccsp(t)/cBs + 0zPVE + 01(Q) + dCORE + OREL + dpBOC
= 8.91 — 1.68 +0.00 + 0.04 — 0.01 + 0.01 = 7.27 kcal mol—!
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CN + H,O - HCN 4+ OH

Level of Theory:

Reference: ROHF
Geometry: ~ CCSD(T)/aug-cc-pVTZ
-128.7 :NCHO
54.1 :CHOH

Frequencies: CCSD(T)/aug-cc-pVTZ

Program: MorpPro 2010.1 1775

Wavefunction Diagnostics:
Figure A.29: TS (CN + H,0O — HCN +

Ty: 0.107
! OH)

D;: 0.503
Cartesian Coordinates (A):
C 0.5792365172 0.1057568987 0.0528501648
N 1.7251151012 -0.0677374396 -0.0349319533
H -0.7706839662 0.3092592014 0.2160713101
0 -1.7829938575 0.0190036440 -0.0332787295
H -1.7981330206 -0.9289223997 0.1681652006

Rotational Constants (GHz): 5.0247066,4.9739375, 384.4788250

Harmonic Vibrational Frequencies (cm™1!):

a’: 3767 2248 15637 1514 1062 576 329 171 135

Incremental Focal Point Analysis Table (kcal mol~!):

Basis ROHF  +6MP2 +6CCSD  +4(T)  +6T  +6(Q)  Net

aug-cc-pVDZ  +18.84  +6.47 1289  —220 +0.11  —0.67 [+9.66]
aug-cc-pVTZ — +1847  +598  —1281  —225 [+0.11] [-0.67] [+8.83]
aug-cc-pVQZ  +18.77  +6.16  —1281  —232  [+0.11] [-0.67] [+9.25]
aug-cc-pV5Z  +18.81  +6.35  —12.85  —232  [+0.11] [-0.67] [+9.43]
CBS LIMIT  [+18.81] [+6.54] [-12.89] [-231] [+0.11] [=0.67] [+9.59]

AHok = AEccsp(r)/cBs + 0zpVE + 01(Q) + dcORE + OREL + dDBOC
= 10.14 — 2.42 — 0.55 — 0.13 — 0.05 + 0.16 = 7.15 kcal mol ™!
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CN + H,O - HNC 4+ OH

Level of Theory:
ROHF

Reference:

Geometry: CCSD(T)-F12a/aug-cc-pVTZ 1758 1532 1044
Frequencies: CCSD(T)-F12a/aug-cc-pVTZ
Program: Morprro 2010.1 1.180 1.248

Wavefunction Diagnostics:

0.970

Figure A.30: TS (CN + H,O — HNC +

T1: 0.095 OH)

D12

Cartesian Coordinates (A):

0.448

N 0.0765387670 -0.1209349038 0.6115065409
C -0.0635843563 0.1036718763 1.7613306402
H 0.1722998898 -0.2863148744 -0.6220040517
0 -0.0475444582 -0.0105527527 -1.7054502020
H 0.2764757917 0.8989840034 -1.7931704866

Rotational Constants (GHz): 5.3821932,5.4377410, 335.4231434

Harmonic Vibrational Frequencies (cm™1!):

a: 3863¢ 3751 2123 1386 945 646 397 142 106

Incremental Focal Point Analysis Table (kcal mol~!):

Basis ROHF  +6MP2 +446CCSD +4(T) +0T +4(Q) Net

aug-cc-pVDZ  +42.69 —14.59 —2.26 —4.66 —0.24 —1.45  [+19.50]
aug-ccpVTZ  +42.93  —14.94  —1.83  —575 [-0.24] [-1.45] [+18.73]
aug-cc-pVQZ  +43.33  —14.85  —146 592 [-0.24] [-1.45] [+19.41]
aug-cc-pV5Z  +43.38  —14.66  —1.38  —598 [-0.24] [-1.45] [+19.68]
CBS LIMIT  [+43.39] [-14.46] [-1.30] [-6.04] [-0.24] [-1.45] [+19.90]

AHok = AEccsp(r)/cBs + 0zpVE + 01(Q) + dcORE + OREL + dDBOC
=21.59 — 2.86 — 1.69 — 0.09 — 0.05 4+ 0.01 = 16.91 kcal mol~!
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CN + HF - HCN + F

Level of Theory:

Reference: ROHF
Geometry: ~ CCSD(T)-F12a/aug-cc-pVTZ 1.196 1.234 1.199
Frequencies: CCSD(T)-F12a/aug-cc-pVTZ w 3 °
Program: MoLproO 2010.1
Wavefunction Diagnostics: g;gure A.31: TS (CN + HF — HCN +
Ty:  0.045
Dy: 0.198
Cartesian Coordinates (A):

C 0.0000000000 0.0000000000 0.6675335023

N 0.0000000000 0.0000000000 1.8631375133

H 0.0000000000 0.0000000000 -0.5665099344

F 0.0000000000 0.0000000000 -1.7655770898

Rotational Constants (GHz): 4.4519066, 4.4519066

Harmonic Vibrational Frequencies (cm™!):

ot: 7998: 2106 1136 1101 566 164 49

Incremental Focal Point Analysis Table (kcal mol~!):

Basis ROHF  +6MP2 +46CCSD  +§(T)  +6T  +8(Q)  Net

aug-cc-pVDZ  +26.56  +548  —8.66  —209 —0.10 —0.54 [+20.65]
aug-cc-pVTZ  +27.00  +5.94  —859  —171 [-0.10] [-0.54] [+22.00]
aug-cc-pVQZ  +27.42  +6.66  —854  —1.69 [-0.10] [-0.54] [+23.20]
aug-cc-pVhZ  +27.48  4+7.05  —858  —1.66 [-0.10] [-0.54] [+23.64]
CBS LIMIT  [+27.48] [+7.46] [-8.62] [-1.64] [-0.10] [-0.54] [+24.03]

AHok = AEccsp(t)/cBs + 0zpPVE + 01(Q) + 0CORE + OREL + dDBOC
=24.67 — 1.53 — 0.64 4+ 0.09 — 0.09 + 0.02 = 22.53 kcal mol~*
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CN + HF - HNC + F

Level of Theory:

Reference: ROHF
Geometry: CCSD(T)-F12a/aug-cc-pVTZ 1.174 _1.079 1.297
Frequencies: CCSD(T)-F12a/aug-cc-pVTZ QH g;
Program: MorprO 2010.1

Wavefunction Diagnostics: g;gure A.32: TS (CN + HF — HNC +
Ty: 0.044
Dq: 0.203

Cartesian Coordinates (A):

N 0.0000000000 0.0000000000 0.6978316756
C 0.0000000000 0.0000000000 1.8719375340
H 0.0000000000 0.0000000000 -0.3807731160
F 0.0000000000 0.0000000000 -1.6777391342

Rotational Constants (GHz): 4.9289799, 4.9289799

Harmonic Vibrational Frequencies (cm™!):

ot: 2706 2084 626

T 366 197

Incremental Focal Point Analysis Table (kcal mol™!):

Basis ROHF  +6MP2 +JCCSD  +§(T)  +dT  +6(Q)  Net

aug-cc-pVDZ  +59.20  —39.89  +16.09  —4.05 4040 —1.35 [+30.51]
aug-cc-pVTZ  +59.93  —40.58  +16.46  —4.45 [+0.40] [-1.35] [+30.41]
aug-cc-pVQZ  +60.45  —40.49  +16.81  —4.65 [+0.40] [-1.35] [+31.18]
aug-cc-pVhZ  +60.55  —40.20  +16.91  —4.72  [+0.40] [-1.35] [+31.51]
CBS LIMIT  [+60.57] [-40.08] [+17.02] [-4.78] [+0.40] [-1.35] [+31.78]

AHok = AEccsp(r)/cBs + 0zpVE + 01(Q) + dCORE + OREL + dDBOC
=32.72 — 3.40 — 0.94 — 0.03 — 0.08 — 0.01 = 28.25 kcal mol~!

114



CN 4+ HCl— HCN + Cl

Level of Theory:

Reference: ROHF
Geometry: ~ CCSD(T)-F12a/aug-cc-pVTZ 1171 1.552 1.349
Frequencies: CCSD(T)-F12a/aug-cc-pVTZ = Q
Program: Movrpro 2010.1
Wavefunction Diagnostics: Figure A.33: TS (CN + HCl — HCN +
Cl
Ty: 0.027 )
D;: 0.137
Cartesian Coordinates (A):
C 0.0000000000 0.0000000000 1.4085685018
N 0.0000000000 0.0000000000 2.5793511730
H 0.0000000000 0.0000000000 -0.1429663500
Cl 0.0000000000 0.0000000000 -1.4921843807
Rotational Constants (GHz): 2.5787448,2.5787448
Harmonic Vibrational Frequencies (cm™!):
oT: 2114 1148 518;
m: 235 93
Incremental Focal Point Analysis Table (kcal mol™!):
Basis ROHF  +0MP2 +46CCSD +4(T) +0T  +40(Q) Net
aug-ccpV(D+d)Z  +16.77  —13.47  +2.92  —159 4020 —021 [+4.62]
aug-cc-pV(T+d)Z  +16.96  —14.03  +3.30  —175 [+0.20] [-0.21] [+4.46]
aug-cc-pV(Q+d)Z +17.15  —13.95 +3.46 —1.80 [+0.20] [-0.21] [+4.86]
aug-cc-pV(5+d)Z  +17.18  —13.89  +350  —180 [+0.20] [-0.21] [+4.98]
CBS LIMIT [+17.18] [-13.83]  [+3.55] [-1.81] [+0.20] [-0.21] [+5.08]

AHok = AEccsp(r)/cBs + 0zpVE + 01(Q) + dCORE + OREL + dDBOC
= 5.09 — 1.64 — 0.01 — 0.09 + 0.06 + 0.06 = 3.47 kcal mol~!
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CN 4+ HCl— HNC + Cl

Level of Theory:

Reference: ROHF
Geometry: ~ CCSD(T)-F12a/aug-cc-pVTZ 1.189 1.249 1.492
Frequencies: CCSD(T)-F12a/aug-cc-pVTZ QH—_-_QD=O
Program: Movrpro 2010.1
Wavefunction Diagnostics: Figure A.34: TS (CN + HCl — HNC +

Ty: 0.014 D
D;: 0.044

Cartesian Coordinates (A):

N 0.0000000000 0.0000000000 1.3470922075

C 0.0000000000 0.0000000000 2.5365431003

H 0.0000000000 0.0000000000 0.0980425130

Cl 0.0000000000 0.0000000000 -1.3943405797

Rotational Constants (GHz): 2.9445216,2.9445216

Harmonic Vibrational Frequencies (cm™!):

ot: 2285¢ 1962 408
T 537 207

Incremental Focal Point Analysis Table (kcal mol™!):

Basis ROHF  +6MP2 +446CCSD  +4(T) +0T  +46(Q) Net

aug-ccpV(D+d)Z  +34.60 —34.80  +14.94 —410 +0.87 —128 [+10.32]
aug-ce-pV(T+d)Z  +35.27  —35.85  +15.80  —449 [+0.87] [-1.28] [+10.41]
aug-copV(Q+d)Z  +35.66  —36.00  +16.18  —4.61 [+0.87] [-1.28] [+10.82]
aug-ce-pV(5+d)Z  +35.74  —35.92  +16.27  —4.64 [+0.87] [-1.28] [+11.03]

CBS LIMIT [+35.76] [—35.84] [+16.35] [—4.67] [+0.87] [-1.28] [+11.19]

AHok = AEccsp(r)/cBs + 0zpVE + 01(Q) + dCORE + OREL + dDBOC
= 11.60 — 1.73 — 0.41 4+ 0.07 — 0.15 + 0.09 = 9.47 kcal mol~!
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Level of Theory:

Reference: ROHF
Geometry: CCSD(T)-F12a/aug-cc-pVTZ 1163 1239 1334 1209 _ 1065
Frequencies: CCSD(T)-F12a/aug-cc-pVTZ
Program: Morpro 2010.1 Figure A.35: TS (CN + CyHy — HCN
Wavefunction Diagnostics: + C,H)
Ty: 0.024
D;: 0.083
Cartesian Coordinates (A):
C 0.0000000000 0.0000000000 1.3015250371
0.0000000000 .0000000000 2.5107935879
0.0000000000 .0000000000 3.5761496032
0.0000000000 .0000000000 -0.0321240518
0.0000000000 .0000000000 -1.2710182629
0.0000000000 .0000000000 -2.4342438807

Rotational Constants (GHz): 2.3911160,2.3911160
Harmonic Vibrational Frequencies (cm™!):
ot: 3439 2210 2049 16697 450

m: 705 594 184 66

Incremental Focal Point Analysis Table (kcal mol™!):

Basis ROHF  +0MP2 44CCSD +4(T) +0T +4(Q) Net

aug-cc-pVDZ  +29.45 —14.75 +3.34 —-1.33 +0.39 —0.19  [+16.91]
augccpVTZ 43019  —14.90  +3.78  —1.34  [+0.39] [-0.19] [+17.94]
aug-cc-pVQZ  +30.48  —14.78 +3.90 -1.33  [+0.39] [-0.19] [+18.47]
aug-ccpVSZ  +30.51  —14.62  +3.89  —1.32 [+0.39] [-0.19] [+18.67]
CBS LIMIT  [+30.51] [~14.46] [+3.89] [-1.30] [+0.39] [-0.19] [+18.84]

AHok = AEccsp(r)/cBs + 0zpVE + 01(Q) + dCORE + OREL + dDBOC
=18.64 — 3.55 + 0.20 — 0.11 + 0.05 + 0.02 = 15.25 kcal mol~*
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Level of Theory:

Reference: ROHF

Geometry: CCSD(T)-F12a/aug-cc-pVTZ 1179 1150  1.388 1211 1.066
Frequencies: CCSD(T)-F12a/aug-cc-pVTZ

Program: MoLpPRrO 2010.1 pigyre A.36: TS (CN + CoHy — HNC

Wavefunction Diagnostics: + CyH)
T1:  0.059
Dy 0.291

Cartesian Coordinates (A):

C 0.0000000000 0.0000000000 1.2436611786
0.0000000000 .0000000000 2.4545628572
0.0000000000 .0000000000 3.5201551011
0.0000000000 .0000000000 -0.1443349062
0.0000000000 .0000000000 -1.2939076582
0.0000000000 .0000000000 -2.4726181587

Rotational Constants (GHz): 2.5226526, 2.5226526
Harmonic Vibrational Frequencies (cm™!):
oT: 3434 25194 2106 2028 441

m 712 359 140 38:

Incremental Focal Point Analysis Table (kcal mol™!):

Basis ROHF  +6MP2 +JCCSD  +4(T)  +dT  +6(Q)  Net

aug-cc-pVDZ  +6251  —37.68  +10.38  —471  +0.10  —0.27 [+30.33]
aug-cc-pVTZ  +63.64 —3801  +11.17  —5.06 [+0.10] [-0.27] [+31.57]
aug-cc-pVQZ  +64.02  —37.97 41145  —5.15 [+0.10] [-0.27] [+32.17]
aug-cc-pVbhZ  +64.19  —37.75  +11.33 =517  [+0.10] [-0.27] [+32.43]
CBS LIMIT  [+64.26] [-37.51] [+11.20] [-5.19] [+0.10] [-0.27] [+32.59]

AHok = AEccsp(r)/cBs + 0zpVE + 01(Q) + dCORE + OREL + dDBOC
=32.76 — 4.71 — 0.17 + 0.07 — 0.04 — 0.01 = 27.91 kcal mol~!

118



CN + SiH, — HCN + Si H3

Level of Theory:

Reference: ROHF
Geometry: CCSD(T)-F12a/aug-cc-pVTZ 2292
Frequencies: CCSD(T)-F12a/aug-cc-pVTZ
Program: MovrproO 2010.1

Wavefunction Diagnostics:
Figure A.37: TS (CN + SiH; — HCN

Ty: 0.027 4 Silly)
Dy 0.135
Cartesian Coordinates (A):
-0.0000002528 0.0000000000 1.7678150806
0.0000010680 0.0000000000 2.9411044838
-0.0000027540 0.0000000000 -0.4539749625
Si -0.0000044339 0.0000000000 -1.9462478910
1.4007158027 0.0000000000 -2.4172983873
-0.7003006651 -1.2130971099 -2.4172960221
-0.7003006651 1.2130971099 -2.4172960221

Rotational Constants (GHz): 1.7675309, 1.7675332, 85.1840170

Harmonic Vibrational Frequencies (cm™!):

a’: 2274 2264 2113 2088 968 919 913 844¢ 750 66 19
a: 2274 969 919 70
Incremental Focal Point Analysis Table (kcal mol™!):

Basis ROHF +dMP2 +46CCSD  +4(T) +0T +4(Q) Net
aug-cc-pV(D+d)Z  +1.46 —2.74 +0.62 —0.35 +-0.06 —0.03 [-0.97]
aug-cc-pV(T+d)Z +1.60  —2.96 +0.70 —0.36  [+0.06] [-0.03] [-0.98]
aug-ce-pV(Q+d)Z  +1.77  —297 4074  —0.36 [+0.06] [-0.03] [-0.78]
aug-cc-pV(b+d)Z  +1.78  —2.90 +0.73 —0.35 [+0.06] [-0.03] [-0.71]
CBS LIMIT [+1.78] [-2.84]  [+0.71]  [-0.35] [+0.06] [-0.03] [-0.66]

AHok = AEccsp(r)/cBs + 0zpVE + 01(Q) + 0CORE + OREL + dDBOC
=—0.69 + 1.02 + 0.03 — 0.04 + 0.02 + 0.01 = 0.35 kcal mol~!
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CN + SiH, — HNC 4 SiHj;

Level of Theory:

Reference:
Geometry:
Frequencies:

Program:

ROHF

CCSD(T)-F12a/aug-cc-pVTZ
CCSD(T)-F12a/aug-cc-pVTZ

MoLrprro 2010.1

Wavefunction Diagnostics:

Ty:  0.062

Di: 0.333

Cartesian Coordinates (A):

N -0.0000000002
C 0.0000000001
H -0.0000000001
Si 0.0000000000
H 0.0000000006
H 1.2208278307
H -1.2208278306

1.189

1.478

1.478

1.478

Figure A.38: TS (CN + SiHy — HNC

+ SiH3)

-0.3642314968 1
0.3236017559 2

-0.2532467191 -0
0.0391624289 -1

1.5067088210 -1

-0.5696819122 -2
-0.5696819105 -2

.5069492427

.4763922149

.0451714263

.5907206166

. 7636266496

.1588632246

.1588532275

Rotational Constants (GHz): 2.5886166, 2.6312269, 55.1085223

Harmonic Vibrational Frequencies (cm™!):

a: 2276 2254 1985 1455¢ 949 912 886 879 529 229 187 82
Incremental Focal Point Analysis Table (kcal mol~!):

Basis ROHF  4+6MP2  46CCSD  +8(T)  +0T  +6(Q)  Net

aug-cc-pV(D+d)Z  +17.25  —1.83 525  —170 4021  —044 [+8.23]
aug-cc-pV(T+d)Z  +17.34  —2.46 —4.91 ~1.82  [+0.21] [-0.44] [+7.92]
aug-co-pV(Q+d)Z  +17.61  —2.53 —484  —1.88 [+021] [-0.44] [+8.14]
aug-cc-pV (5+d)Z +17.65 —2.44 —4.84 —1.88  [4+0.21] [-0.44] [+8.26]
CBS LIMIT [+17.65] [-2.35]  [-4.85]  [-1.88] [+0.21] [-0.44] [+8.35]

AHok = AEccsp(t)/cBs + 9zpVE + 01(Q) + 0CORE + OREL + dDBOC

=8.57 — 2.09 — 0.22 — 0.01 — 0.04 + 0.15 = 6.36 kcal mol~*

120

-120.0 :NHSiH
120.0 :NHSiH



CN + PH; — HCN + PH,

Level of Theory:

Reference: ROHF
Geometry: ~ CCSD(T)-F12a/aug-cc-pVTZ a7 CHPH
. 48.7 .CHPH
Frequencies: CCSD(T)-F12a/aug-cc-pVTZ
Program: MovrproO 2010.1
Wavefunction Diagnostics:
Figure A.39: TS (CN + PH3 — HCN
Ti: 0.026 g (ON -+ PH, +
PHs)
D;: 0.121
Cartesian Coordinates (A):
C -0.0000000075 -0.0873996942 1.2534072381
N 0.0000000047 0.0573260226 2.4149894681
H -0.0000000827 -0.9717416765 -0.4304532155
P -0.0000000009 -0.0113581518 -1.4992755206
H 1.0532921202 0.7828199651 -0.9964066048
H -1.0532919865 0.7828201520 -0.9964066140

Rotational Constants (GHz): 2.8928410,2.8943724,110.6984739

Harmonic Vibrational Frequencies (cm™!):

a: 2458 2444 2234 2112 1113 1095 822 423% 307 187 67 55

Incremental Focal Point Analysis Table (kcal mol~!):

Basis ROHF +4+0MP2 +§CCSD +4(T) +0T +4(Q) Net

aug-cc-pV(D+d)Z  +6.38 —12.04 +3.69 —1.44 +0.28 -0.21 [-3.34]
aug-cc-pV(T+d)Z +6.55  —13.07 +3.94 —1.53  [+0.28] [-0.21] [—4.03]
aug-cpV(Q+d)Z  +6.69 —1325  +3.94  —156 [+0.28] [-0.21] [—4.11]
aug-copV(5+d)Z  +6.71  —1326  +3.92  —157 [+0.28] [-021] [~4.13]
CBS LIMIT [+6.71] [-13.28] [+3.90] [-157] [+0.28] [-0.21] [-4.16]

AHok = AEccsp(r)/cBs + 0zPVE + d1(Q) + 0CORE + OREL + dpBOC
=—4.24+0.35+0.08 — 0.15 + 0.36 + 0.01 = —3.59 kcal mol~!
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CN + PH; — HNC + PH,

Level of Theory:

Reference:

Geometry:
Frequencies:

Program:

Wavefunction Diagnostics:

Ty: 0.076

D;: 0.413

Cartesian Coordinates (A):

N 0
C -0
H 0
P -0
H 1
H -1

.0000000001

.0000000001

.0000000001

.0000000000

.0385583404

.0385683397

ROHF
CCSD(T)-F12a/aug-cc-pVTZ
CCSD(T)-F12a/aug-cc-pVTZ

MoLrpro 2010.1

.39956602301
.3634013428
.5894027024
.0014967831
.9287012664

.9287012661

1.188

1.415

-47.5 :NHPH

1489 47.5 :‘NHPH

Figure A.40: TS (CN + PH3 — HNC +

PH,)

.4499044769

.3605469525

.1187295886

.4862294390

.2436852534

.2436852567

Rotational Constants (GHz): 2.9072600,2.9711302, 62.5039513

Harmonic Vibrational Frequencies (cm™!):

a: 2434 2424 2024 1240 11957 1094 1048 774 295 246 81 51
Incremental Focal Point Analysis Table (kcal mol™!):
Basis ROHF  +0MP2 +46CCSD  +6(T)  +6T  +4(Q) Net
aug-cc-pV(D+d)Z  +16.93  —1.71 —8.05 -2.52  +0.79  —0.75  [+4.70]
aug-ce-pV(T+d)Z  +17.12  —147  —830  —2.75 [+0.79] [-0.75] [+4.65]
aug-cc-pV(Q+d)Z +17.35  —1.44 —8.34 —2.84 [+0.79] [-0.75] [+4.77]
aug-cc-pV(b+d)Z  +17.39  —1.33 —8.38 —2.86 [+0.79] [-0.75] [+4.87]
CBS LIMIT [+17.40] [-1.20] [-8.42] [-2.87] [+0.79] [-0.75] [+4.94]

AHok = AEccsp(r)/cBs + 0zPVE + 01(Q) + dcORE + OREL + dDBOC
=4.90 — 1.33 + 0.04 + 0.06 + 0.33 4 0.25 = 4.25 kcal mol ™!
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CN + H,S — HCN + SH

Level of Theory:

Reference:

Geometry:

Frequencies:

Program:

ROHF
CCSD(T)-F12a/aug-cc-pVTZ
CCSD(T)-F12a/aug-cc-pVTZ

MoLrprro 2010.1

Wavefunction Diagnostics:

T1:

D12

Cartesian Coordinates (A):

0.025

0.119

-0.1359836200

0.0873703345
-0.5004497750
-0.0096611295

1.2140488054

-0.1005558394

0.0761492502

-0.6596782401

0.0399881260

-0.4721776587

168.9

1.2089899538

2.3434820405

-0.3163543654

-1.4284198163

-1.2219206511

Rotational Constants (GHz): 3.1116089, 3.0896794,169.1724787

Harmonic Vibrational Frequencies (cm™1!):

a:

2705

2130 2005

1129  987¢ 428

100 85

Incremental Focal Point Analysis Table (kcal mol~!):

Figure A.41: TS (CN + HsS — HCN +

Basis ROHF  +0MP2 +6CCSD +4(T) +6T  +46(Q) Net

aug-ccpV(D+d)Z  +12.67 1658  +505  —1.93 4034 —029 [~0.73]
aug-copV(T+d)Z  +12.84  —17.69  +559  —2.05 [+0.34] [-0.29] [—1.26]
aug-cc-pV(Q+d)Z  +13.02  —17.88 +5.74 —2.09 [+0.34] [-0.29] [-1.15]
aug-ce-pV(5+d)Z  +13.05 —17.88  +575  —209 [+0.34] [-0.29] [-1.11]
CBS LIMIT [+13.06] [-17.88] [+5.77] [-2.10] [+0.34] [-0.29] [-1.10]

AHok = AEccsp(r)/cBs + 0zpVE + 01(Q) + dcORE + OREL + dDBOC

= —1.15+0.09 + 0.05 — 0.17 + 0.33 + 0.10 = —0.75 kcal mol~!
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CN + H,S — HNC 4+ SH

Level of Theory:

Reference:

Geometry:

Frequencies:

Program:

ROHF
CCSD(T)-F12a/aug-cc-pVTZ
CCSD(T)-F12a/aug-cc-pVTZ

MoLrprro 2010.1

Wavefunction Diagnostics:

T1:

D12

Cartesian Coordinates (A):

0.050

0.268

-0.0866746370
0.0845121161
-0.4243077877
0.0309875258

-0.3639429663

0.1559174450

-0.1344158069

0.3475393272

0.0110286547

-1.2632677345

1.183

1.3010528157

2.4350777736

-0.1394762715

-1.4356594988

-1.2930813036

Rotational Constants (GHz): 3.0627876,3.0957117,178.6773960

Harmonic Vibrational Frequencies (cm™1!):

a:

2711 2481q¢

2035

1248 982 406

280 62 23

Incremental Focal Point Analysis Table (kcal mol~!):

1.342

Figure A.42: TS (CN + HyS — HNC +

Basis ROHF  +0MP2 +6CCSD +4(T) +6T  +46(Q) Net

aug-cc-pV(D+d)Z  +30.25  —23.28 +5.47 -390 4047 —-1.22 [47.79]
aug-ce-pV(T+d)Z  +30.61  —24.21  +6.37  —4.22  [+0.47] [-1.22] [+7.80]
aug-cc-pV(Q+d)Z  +30.88  —24.37 +6.59 —-4.33  [+047 [-1.22] [+8.02]
aug-ce-pV(5+d)Z  +30.93  —2420  +6.63  —435 [+0.47] [-1.22] [+8.16]
CBS LIMIT [+30.04] [-24.21] [+6.67] [-4.38] [+0.47] [-1.22] [+8.27]

AHok = AEccsp(r)/cBs + 0zpVE + 01(Q) + dcORE + OREL + dDBOC

=9.03 — 1.45 — 0.76 — 0.04 + 0.67 + 0.03 = 7.47 kcal mol !
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CN 4+ HCN — HCN + CN

Level of Theory:

Reference: ROHF
Geometry: ~ CCSD(T)-F12a/aug-cc-pVTZ 4 465 1295 1295  1.165
Frequencies: CCSD(T)-F12a/aug-cc-pVTZ
Program: Movrpro 2010.1

Figure A.43: TS (CN + HCN — HCN

Wavefunction Diagnostics:

T1:

D12

0.026

0.118

Cartesian Coordinates (A):

aQ =

0.0000000000
0.0000000000
0.0000000000
0.0000000000

0.0000000000

0.0000000000

0.0000000000

0.0000000000

0.0000000000

0.0000000000

+ CN)

1.2951575493
2.4604921202
0.0000000006
-1.2951575492

-2.4604921203

Rotational Constants (GHz): 2.4078391,2.4078391

Harmonic Vibrational Frequencies (cm™!):

ot:

Vi

2198

2156
829

18951
224

419
102

Incremental Focal Point Analysis Table (kcal mol~!):

Basis ROHF  +6MP2 +4CCSD  +§(T)  +0T  +6(Q)  Net

aug-cc-pVDZ  +36.50  —23.34 4579  —260 4032 —0.33 [+16.34]
aug-cc-pVTZ — +37.45  —2358 4642  —279 [+0.32] [=0.33] [+17.50]
aug-cc-pVQZ  +37.71  —2345  4+6.61  —2.83 [+0.32] [-0.33] [+18.04]
aug-cc-pVhZ  +37.75  —23.28  +6.62  —283 [+0.32] [-0.33] [+18.26]
CBS LIMIT  [+37.75] [-23.09]  [+6.64] [-2.83] [+0.32] [-0.33] [+18.47]

AHok = AEccsp(t)/cBs + 0zpVE + 01(Q) + 0CORE + OREL + 0DBOC

=18.47 — 2.87 — 0.00 + 0.02 — 0.00 + 0.15 = 15.77 kcal mol~*
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CN + HCN — HNC + CN

Level of Theory:
Reference: ROHF
Geometry: ~ CCSD(T)-F12a/aug-cc-pVTZ 1477 1.161 1.402 1.169

Frequencies: CCSD(T)-F12a/aug-cc-pVTZ

Program: Morprro 2010.1 _.
sram: , Figure A.44: TS (ON + HCN — HNC
Wavefunction Diagnostics:
+ CN)

Ty: 0.033

D;: 0.154
Cartesian Coordinates (A):
C 0.0000000000 0.0000000000 1.2420848948
N 0.0000000000 0.0000000000 2.4106568533
H 0.0000000000 0.0000000000 -0.1603100495
N 0.0000000000 0.0000000000 -1.3214007314
C 0.0000000000 0.0000000000 -2.4988745718

Rotational Constants (GHz): 2.5343572,2.5343572

Harmonic Vibrational Frequencies (cm™!):

ot: 2827 2153 2064 431
I 871 185 62

Incremental Focal Point Analysis Table (kcal mol~!):

Basis ROHF  +6MP2 +4CCSD  +§(T)  +0T  +6(Q)  Net

aug-cc-pVDZ  +57.41  —40.72 41524  —537 4057 —0.26  [+26.86]
aug-cc-pVTZ — +5841  —41.15 41625  —572 [+0.57] [=0.26] [+28.10]
aug-cc-pVQZ  +58.78  —41.06  +1652  —582 [+0.57] [-0.26] [+28.73]
aug-cc-pV5Z  +58.85  —40.90  +16.57  —5.84 [+0.57] [-0.26] [+28.99]
CBS LIMIT  [+58.86] [-40.72] [+16.62] [-5.86] [+0.57] [-0.26] [+29.21]

AHok = AEccsp(t)/cBs + 0zpVE + 01(Q) + 0CORE + OREL + 0DBOC
=28.90 — 2.81 + 0.31 + 0.04 — 0.08 + 0.02 = 26.37 kcal mol~*
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CN + HNC — HCN + CN

Level of Theory:
Reference: ROHF
Geometry: ~ CCSD(T)-F12a/aug-cc-pVTZ 1.169 1.402 1.161 1477

Frequencies: CCSD(T)-F12a/aug-cc-pVTZ

Program: Morprro 2010.1 _,
. . . Figure A.45: TS (CN + HNC — HCN
Wavefunction Diagnostics:
+ CN)

T1: 0.033

D;: 0.154
Cartesian Coordinates (A):
C 0.0000000000 0.0000000000 1.2420848948
N 0.0000000000 0.0000000000 2.4106568533
H 0.0000000000 0.0000000000 -0.1603100495
N 0.0000000000 0.0000000000 -1.3214007314
C 0.0000000000 0.0000000000 -2.4988745718

Rotational Constants (GHz): 2.5343572,2.5343572

Harmonic Vibrational Frequencies (cm™!):

ot: 2827 2153 2064 431
I 871 185 62

Incremental Focal Point Analysis Table (kcal mol~!):

Basis ROHF  +6MP2 +4CCSD  +§(T)  +6T  +6(Q)  Net

aug-cc-pVDZ  +47.44  —48.31  +1846  —557  +0.73  —0.59  [+12.16]
aug-cc-pVTZ  +48.66  —49.12  +19.47  —6.06 [+0.73] [-0.59] [+13.08]
aug-cc-pVQZ  +49.13  —49.08  +19.78  —6.19 [+0.73] [-0.59] [+13.78]
aug-cc-pVHZ  +49.19  —4897  +19.84  —6.22 [+0.73] [-0.59] [+13.98]
CBS LIMIT  [+49.20] [-48.85] [+19.90] [-6.26] [+0.73] [-0.59] [+14.13]

AHok = AEccsp(t)/cBs + 0zpVE + 01(Q) + 0CORE + OREL + 0DBOC
=13.99 — 2.83 + 0.14 + 0.04 — 0.08 + 0.02 = 11.27 kcal mol~*
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CN 4+ HNC — HNC + CN

Level of Theory:
Reference: ROHF
Geometry: CCSD(T)-F12a/aug-cc-pVTZ 1.172 1.243 1.243 11472

Frequencies: CCSD(T)-F12a/aug-cc-pVTZ

Program: Morprro 2010.1 ..
& . . . Figure A.46: TS (CN + HNC — HNC
Wavefunction Diagnostics:
+ CN)

Ty: 0.016

D;: 0.039
Cartesian Coordinates (A):
N 0.0000000000 0.0000000000 1.2433472207
C 0.0000000000 0.0000000000 2.4156903194
H 0.0000000000 0.0000000000 -0.0000000002
N 0.0000000000 0.0000000000 -1.2433472207
C 0.0000000000 0.0000000000 -2.4156903194

Rotational Constants (GHz):2.7542879, 2.7542879

Harmonic Vibrational Frequencies (cm™!):

oT: 42327 2131 2062 473
m: 1078 198 97

Incremental Focal Point Analysis Table (kcal mol~!):

Basis ROHF  +6MP2 +4CCSD  +§(T)  +0T  +6(Q)  Net

aug-cc-pVDZ  +51.07  —51.52  +21.84  —6.86 +1.12 —1.45 [+14.20]
aug-cc-pVTZ  +52.01  —52.62  +23.11  —7.35 [+1.12] [-1.45] [+14.83]
aug-cc-pVQZ  +52.53  —52.73 42341  —748 [+1.12] [-1.45] [+15.40]
aug-cc-pVHZ  +52.59  —5258 42344  —T7.50 [+1.12] [-1.45] [+15.63]
CBS LIMIT  [+52.59] [-52.42] [+23.48] [-7.53] [+1.12] [-1.45] [+15.80]

AHok = AEccsp(t)/cBs + 0zpVE + 01(Q) + 0CORE + OREL + 0DBOC
=16.13 — 2.08 — 0.33 + 0.06 + 0.00 + 0.07 = 13.85 kcal mol~!
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CHAPTER B

ENERGETICS AND KINETICS OF VARIOUS CYANO RADICAL
HYDROGEN ABSTRACTIONS FROM MID-SIiZED DONORS:

SUPPORTING INFORMATION
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Reactants

CN (254)
Level of Theory:
Reference: ROHF
Geometry: ~ CCSD(T)-F12a/cc-pVTZ-F12

Frequencies: CCSD(T)-F12a/cc-pVTZ-F12

MorprrO 2010.1
Wavefunction Diagnostics:

Ty: 0.043

Program:

Dy: 0.147

Cartesian Coordinates (A):

C 0.0000000000 0.0000000000

N 0.0000000000 0.0000000000

Rotational Constants (GHz): 56.7295827, 56.729827

Harmonic Vibrational Frequencies (cm™1!):

ot: 2069
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Figure B.1: CN

-0.6318990142

0.5418648975



HNCO

Level of Theory:
Reference: RHF
Geometry: ~ CCSD(T)-F12a/cc-pVTZ-F12

Frequencies: CCSD(T)-F12a/cc-pVTZ-F12

Program: MoLpPrO 2010.1
Wavefunction Diagnostics:
Ty: 0.015
Dy: 0.051 Figure B.2: HNCO

Cartesian Coordinates (A):

N 0.0000000000 -0.0805830178 -1.2072193296
C 0.0000000000 0.0389685309 0.0042517563
H 0.0000000000 0.7064005187 -1.8321928650
0 0.0000000000 -0.0032100084 1.1690958170

Rotational Constants (GHz): 10.9207550,11.0671927, 825.3482644

Harmonic Vibrational Frequencies (cm™!):

a: 3687 2304 1312 823 570

1"

a : 633
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HOCN
Level of Theory:
Reference: RHF
Geometry: ~ CCSD(T)-F12a/cc-pVTZ-F12

Frequencies: CCSD(T)-F12a/cc-pVTZ-F12

Program: Morprro 2010.1
Wavefunction Diagnostics:

Ty: 0.013

Dy 0.034

Cartesian Coordinates (A):

H -0.8272763892 0.0000000000
0 0.0626978984 0.0000000000
C -0.0076924426 0.0000000000
N -0.0054895060 0.0000000000

109.5
0.964 \ 1.161
1.302 \_/

176.8

Figure B.3: HOCN

-1.5265026461
-1.1554868333
0.1448694170

1.3054961233

Rotational Constants (GHz): 10.5652042,10.4012845, 670.3998303

Harmonic Vibrational Frequencies (cm™!):

a: 3803 2327 1266 1081 432

1"

a : 491
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trans— HONO

Level of Theory:
Reference: RHF
Geometry: ~ CCSD(T)-F12a/cc-pVTZ-F12

Frequencies: CCSD(T)-F12a/cc-pVTZ-F12

Program: MoLpPrO 2010.1
Wavefunction Diagnostics:
Ty: 0.018
D;: 0.059 Figure B.4: trans-HONO

Cartesian Coordinates (A):

0 0.0000000000 0.2389954013 -1.0581506977
N 0.0000000000 -0.4950235781 -0.1465575416
0 0.0000000000 0.2249056778 1.0772857181
H 0.0000000000 -0.4846440999 1.7328780214

Rotational Constants (GHz): 11.1804445,12.6948300, 93.7237218

Harmonic Vibrational Frequencies (cm™!):

a: 3780 1733 1319 835 635

1"

a : 573
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Products

HCN
Level of Theory:
Reference: RHF
Geometry: CCSD(T)-F12a/cc-pVTZ-F12 1.067 1.156

Frequencies: CCSD(T)-F12a/cc-pVTZ-F12

Program: MorLprro 2010.1

Wavefunction Diagnostics:
T 0.013 Figure B.5: HCN
Dy 0.031

Cartesian Coordinates (A):

C 0.0000000000 0.0000000000 -0.5591192471
N 0.0000000000 0.0000000000 0.5964610701
H 0.0000000000 0.0000000000 -1.6259598727

Rotational Constants (GHz): 44.3211780,44.3211780

Harmonic Vibrational Frequencies (cm™!):

ot: 3436 2125
i 728
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HNC

Level of Theory:
Reference: RHF

Geometry: ~ CCSD(T)-F12a/cc-pVTZ-F12

Frequencies: CCSD(T)-F12a/cc-pVTZ-F12

Program: Morprro 2010.1
Wavefunction Diagnostics:

Ty: 0.014

Dy 0.033

Cartesian Coordinates (A):

N 0.0000000000 0.0000000000
C 0.0000000000 0.0000000000
H 0.0000000000 0.0000000000

Rotational Constants (GHz): 45.2646325, 45.2646325

Harmonic Vibrational Frequencies (cm™!):

ot: 3810 2053
I 462

135

0.997n1.171 g

Figure B.6: HNC

-0.4833928329
0.6879182209

-1.4800954013



NCO

Level of Theory:

Reference: ROHF
Geometry: ~ CCSD(T)-F12a/cc-pVTZ-F12

Frequencies: CCSD(T)-F12a/cc-pVTZ-F12

Program: Morprro 2010.1
Wavefunction Diagnostics:

Ty: 0.028

Dy: 0.109

Cartesian Coordinates (A):

N 0.0000000000 0.0000000000
C 0.0000000000 0.0000000000
0 0.0000000000 0.0000000000

Rotational Constants (GHz): 11.6723698,11.6723698

Harmonic Vibrational Frequencies (cm™!):

ot: 1977 1269
I 581 503
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-1

-0

1

1.230 1.178

o—_=0

Figure B.7: NCO

.2680494213
.0385048718

.1390220786



NO;

Level of Theory:

Reference: ROHF
Geometry: ~ CCSD(T)-F12a/cc-pVTZ-F12

Frequencies: CCSD(T)-F12a/cc-pVTZ-F12

Program: Morprro 2010.1
Wavefunction Diagnostics:

Ty: 0.022

Dy: 0.065

Cartesian Coordinates (A):

N 0.0000000000 0.0000000000
0 0.0000000000 1.1003698053
0 0.0000000000 -1.1003698053

134.1

1.195

Figure B.8: NOy

-0.3242150824

0.1419173030

0.1419173030

Rotational Constants (GHz): 12.3681338,238.7475191, 13.0438611

Harmonic Vibrational Frequencies (cm™!):

ar: 1359 763
by: 1682
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Pre-Reactive Complexes

CN + HNCO — HCN 4+ NCO

Level of Theory:

1.006
Reference: ROHF
Geometry: ~ CCSD(T)-F12a/cc-pVTZ-F12 109.9 . 1.163
o 141.8 \/
Frequencies: CCSD(T)-F12a/cc-pVTZ-F12 .
requencr (T) /cc-p /\.... 2 567
Program: MoLproO 2010.1 o® 172.4

Wavefunction Diagnostics:
Ty:  0.026

=1.173;

Figure B.9: PRC (CN + HNCO —

Dy 0.122 HCN + NCO)

Cartesian Coordinates (A):

N .0000000000 -0.0971330461 -3.0127853593
C .0000000000 -0.3604822803 -1.8698517046
N .0000000000 0.7341899031 0.4523336409
H .0000000000 1.7359520564 0.3591754879
C .0000000000 0.1607888320 1.5298778426
0 0.0000000000 -0.5170322787 2.4746058723

Rotational Constants (GHz): 1.6026585,1.6932769, 29.9469455

Harmonic Vibrational Frequencies (cm™!):

a': 3671 2299 2075 1309 846 579

"

a : 629 57

116 69 51

Incremental Focal Point Analysis Table (kcal mol~!):

Basis ROHF  +6MP2 +6CCSD  +§(T)  +6T  +6(Q)  Net

aug-cc-pVDZ ~ —0.71  —2.53 +1.18 —0.43 4015  —0.05 [-2.39]
aug-cc-pVTZ — —0.46  —2.66 +1.20 —0.39  [+0.15] [-0.05] [-2.21]
aug-cc-pVQZ — —0.39  —2.61 +1.21 —0.38  [+0.15] [-0.05] [—2.07]
aug-cc-pV5Z  —0.37  —2.55 +1.20 —0.37  [+0.15] [-0.05] [—1.99]
CBS LIMIT ~ [-0.36] [-2.48]  [+1.19] [-0.36] [+0.15] [—0.05] [—1.93]

AHok = AEccsp(t)/cBs + 9zPVE + 01(Q) + 0CORE + OREL + dDBOC
= 2.02 + 0.38 +0.09 — 0.02 + 0.01 + 0.00 = —1.56 kcal mol~!
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CN 4+ HNCO — HNC 4+ NCO

Level of Theory:

Reference: ROHF 1171 . 2178 3 1.009
Geometry: CCSD(T)-F12a/cc-pVTZ-F12
Frequencies: CCSD(T)-F12a/cc-pVTZ-F12
Program: MoLrpPrO 2010.1

Wavefunction Diagnostics:

Figure B.10: PRC (CN + HNCO —

Ty: 0.026
HNC + NCO)
D+ 0.129
Cartesian Coordinates (A):

N -0.0132963371 0.0000000000 2.3043704471
C -0.3304701016 0.0000000000 3.4311215865
H .5767988330 0.0000000000 0.2080734655
N .8501092141 0.0000000000 -0.7628542019
C .0641888837 0.0000000000 -1.6888955121
0 -0.5690252029 0.0000000000 -2.6705475543

Rotational Constants (GHz): 1.3573145,1.2980424, 29.7248330

Harmonic Vibrational Frequencies (cm™!):

ot 2303 2090 1314 838 603 114 83 52

"

a : 3620 640 299

Incremental Focal Point Analysis Table (kcal mol~!):

Basis ROHF +6MP2 +46CCSD +44(T) +0T  +6(Q) Net

aug-cc-pvVDZ  —3.11 —0.61 +0.60 —0.08 +0.06 +0.01  [-3.13]
augccpVTZ —312  —0.69  +0.61  —0.03 [+0.06] [+0.01] [-3.15]
aug-ccpVQZ  —3.00  —057  +0.62  —0.01 [+0.06] [+0.01] [-2.89]
aug-cc-pV5Z  —2.98 049  +0.61  +0.00 [+0.06] [+0.01] [-2.79]
CBS LIMIT  [-2.98] [-0.40] [+0.59]  [+0.02] [+0.06] [+0.01] [-2.70]

AHok = AEccsp(t)/cBs + 0zpPVE + 01(Q) + SCORE + OREL + dDBOC
=—2.77+40.80 4+ 0.07 — 0.04 + 0.02 + 0.03 = —1.89 kcal mol~*
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CN + trans—HONO — HNC 4+ NO,

Level of Theory:

Reference: ROHF
Geometry:  CCSD(T)-F12a/cc-pVTZ-F12
Frequencies: CCSD(T)-F12a/cc-pVTZ-F12
Program: MoLrpPrO 2010.1

Wavefunction Diagnostics:

Ty:  0.027

Dy: 0.129

Figure B.11:
HNC + NO,)

PRC (CN + {~HONO —

Cartesian Coordinates (A):

C 0.0000000000 -0.7477995205 1.5819834910
N 0.0000000000 0.1631974603 2.3212097775
H 0.0000000000 1.2794004208 0.2936717693
0 0.0000000000 1.1470957079 -0.6706138461
N 0.0000000000 -0.2316087147 -0.7771281405
0 0.0000000000 -0.6064206140 -1.8872755435

Rotational Constants (GHz): 2.3540707,2.8351308, 13.8737294

Harmonic Vibrational Frequencies (cm™1!):

a: 3661 2069 1735 1383 893 683 208 118

1"

a : 673 150 96

Incremental Focal Point Analysis Table (kcal mol~!):

Basis ROHF  4+6MP2 +6CCSD  +8(T)  +6T  +6(Q)  Net

aug-cc-pVDZ 4025  —3.45 +1.53 —0.86  +0.06 —0.05 [-2.51]
aug-cc-pVTZ  +0.37  —4.09 +1.63 —0.83  [+0.06] [-0.05] [—2.91]
aug-cc-pVQZ  +0.43  —4.15 +1.66 —0.83  [+0.06] [-0.05] [-2.87]
aug-cc-pV5Z  +0.47  —4.09 +1.64 —0.82  [+0.06] [-0.05] [-2.78]
CBS LIMIT  [+0.49] [-4.03]  [+1.63]  [-0.81] [+0.06] [-0.05] [—2.71]

AHok = AEccsp(T)/cBs + 0zPVE + 01(Q) + 6CORE + OREL + dpBOC
=—2.7341.04 4+ 0.02 — 0.09 + 0.05 — 0.01 = —1.72 kcal mol~*
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Post-Reactive Complexes

CN + trans—HONO — HCN + NO,

Level of Theory:

Reference: ROHF
1.156 __1.069 2.312
Geometry: CCSD(T)-F12a/cc-pVTZ-F12 ~ (Ehmmm_ mmmJcccccccccee 1.200 454 9
Frequencies: CCSD(T)-F12a/cc-pVTZ-F12 130>)\’ ’\
Program: MoLpPrO 2010.1 1.190
Wavefunction Diagnostics: Figure B.12: PRC (CN + t-HONO —
Ti: 0.019 HCN + NO,)
Dy: 0.065
Cartesian Coordinates (A):

C -0.0142681307 .0000000000 2.5305630830

N 0.1598644258 .0000000000 3.6731904427

H -0.1753025228 .0000000000 1.4738835852

0 -0.5235789635 .0000000000 -0.8114454644

N 0.2689560164 .0000000000 -1.7119747306

0 0.1699225548 .0000000000 -2.8980898634

Rotational Constants (GHz): 1.1330418, 1.0979228, 80.8276926

Harmonic Vibrational Frequencies (cm™1!):

’

a: 3412

"

a :

2123

1684

1361

768 759

91 75

759 81

Incremental Focal Point Analysis Table (kcal mol~!):

Basis ROHF  +6MP2  46CCSD  +6(T)  +6T  +46(Q) Net

aug-cc-pVDZ ~— —42.86  —1542  +1437  —1.57  +0.82  —0.28 [-44.92]
aug-cc-pVTZ  —44.43  —16.06  +13.79  —1.43  [+0.82] [-0.28] [—47.59]
aug-cc-pVQZ ~ —44.38  —16.16  +13.69  —1.40 [+0.82] [-0.28] [—47.71]
aug-cc-pV5Z — —44.37  —16.15  +13.62  —1.39  [+0.82] [—0.28] [—47.74]
CBS LIMIT  [-44.37] [-16.14] [+13.56] [-1.38] [+0.82] [-0.28] [—47.78]

AHok = AEccsp(r)/cBs + 0zpVE + 01(Q) + 0CORE + OREL + dDBOC
=—48.33 4 0.24 + 0.55 — 0.66 + 0.10 + 0.02 = —48.07 kcal mol~*
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CN + trans—HONO — HNC 4+ NO,

Level of Theory:

Reference: ROHF 1.171 _ 1.001 2.065
Geometry:  CCSD(T)-F12a/cc-pVTZ-F12 et '
Frequencies: CCSD(T)-F12a/cc-pVTZ-F12 123.2
Program: MoLrpPrO 2010.1
Wavefunction Diagnostics:
Ty:  0.019 Figure B.13: PRC (CN + t-HONO —
HNC + NO3)

Di: 0.065

Cartesian Coordinates (A):

N .0049624038 .0000000000 2.3255496470

C -0.2245776482 .0000000000 3.4738527052

H .2012536546 .0000000000 1.3435779104

0 .6060948080 .0000000000 -0.6816910145

N -0.2510489099 0.0000000000 -1.5243627547

0 -0.2347427330 0.0000000000 -2.7122284579

Rotational Constants (GHz): 1.3292749,1.3009130, 60.9716525

Harmonic Vibrational Frequencies (cm™'):

2056 1686 1359 769 582

’

a: 3725 124 103

"

a : 570 109 55

Incremental Focal Point Analysis Table (kcal mol™!):

Basis ROHF  +6MP2 +6CCSD  +4(T)  +6T  +8(Q)  Net

aug-cc-pVDZ  —33.63  —847  +11.35  —142  +0.67 +0.04 [—31.46]
aug-cc-pVTZ  —3521  —879 41078  —1.16 [+0.67] [+0.04] [—33.68]
aug-cc-pVQZ  —35.27  —882 41064  —1.10 [+0.67] [+0.04] [—33.83]
aug-cc-pVSZ  —35.25  —872 41057  —1.07 [+0.67] [+0.04] [—33.76]
CBS LIMIT ~ [-35.24] [-8.62] [+10.49] [-1.05] [+0.67] [+0.04] [—33.70]

AHok = AEccsp(t)/cBs + 0zpvE + 01(q) + dcorE + OREL + dDBOC
=—-34.4140.28 + 0.71 — 0.47 + 0.14 4 0.00 = —33.75 kcal mol~*
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Transition States

CN + HNCO — HCN 4+ NCO

Level of Theory:

Reference:

Geometry:

Frequencies:

Program:

ROHF

CCSD(T)-F12a/cc-pVTZ-F12

Ty:  0.025

Dll

Cartesian Coordinates (A):

-0.

0.117

.0371787605
. 3878228626
.5566956144
.9693833820
.0886472995

6386587191

CCSD(T)-F12a/cc-pVTZ-F12

MorproO 2010.1
Wavefunction Diagnostics:

.0000000000
.0000000000
.0000000000
.0000000000
.0000000000

.0000000000

1.168

1.428

1.134
/'T

1.237
113.3\- 173.3

1.163

Figure B.14: TS (CN + HNCO —
HCN + NCO)

.8138519943

.9020809460

.4836140593

.5730849092

.4417797389

.3487107394

Rotational Constants (GHz): 1.8341026,1.6972481, 22.7462455

Harmonic Vibrational Frequencies (cm™1!):

d: 2183 2143 1361i 1309 910 696 488 199 69
a’: 596 502 148
Incremental Focal Point Analysis Table (kcal mol~1):

Basis ROHF  +8MP2 +5CCSD  +4(T)  +0T  +6(Q)  Net
aug-cc-pVDZ +25.14 —20.45 +5.81 —2.58 +0.47 —0.45 [4+7.94]
aug-cc-pVTZ  +2581  —21.03  +6.30  —276  [+0.47] [~0.45] [+8.33]
aug-cc-pVQZ  +26.13  —2078  +6.46  —2.80  [+0.47] [-0.45] [+9.03]
aug-cc-pV5Z  +26.18  —20.61  +6.47  —2.80  [+0.47] [-0.45] [+9.25]
CBS LIMIT  [+26.18] [-20.44]  [+6.49]  [-2.80] [+0.47] [-0.45] [+9.45]

AHok = AEccsp(t)/cBs + 0zPVE + 01(Q) + dCcORE + OREL + dpBOC

=9.43 — 3.08 + 0.02 4 0.06 — 0.20 + 1.62 = 7.85 kcal mol~!

143



CN 4+ HNCO — HNC 4+ NCO

Level of Theory:

Reference: ROHF
Geometry: CCSD(T)-F12a/cc-pVTZ-F12
Frequencies: CCSD(T)-F12a/cc-pVTZ-F12
Program: MoLrpPrO 2010.1

Wavefunction Diagnostics:

Ty 0.026 Figure B.15: TS (CN + HNCO — HNC +
Dy: 0128 NCO)

Cartesian Coordinates (A):

N 0.0050163224 .0000000000 1.8379016731

C -0.4132630546 .0000000000 2.9373304391

H 0.4489387886 .0000000000 0.6710711864

N 0.8849276522 .0000000000 -0.4749061785

C 0.0974060592 .0000000000 -1.4163411846

0 -0.5702665887 .0000000000 -2.3773435516

Rotational Constants (GHz): 1.8782095,1.7571351, 27.2581898

Harmonic Vibrational Frequencies (cm™'):

’

a: 34397 2114 2044 1306 1015 669 459 156 66
a’: 754 599 114
Incremental Focal Point Analysis Table (kcal mol~!):

Basis ROHF  +6MP2 +44CCSD +4(T) +6T  +6(Q) Net
aug-cc-pVDZ  +41.67  —38.05 +16.01 —-5.10 4096 —1.10 [+14.39]
aug-ccpVTZ — +42.26  —38.75  +16.82  —545 [+0.96] [~1.10] [+14.73]
aug-cc-pVQZ  +42.72  —38.65 +17.11 —5.55  [+0.96] [-1.10] [+15.49]
aug-ccpVSZ  +42.79  —38.46  +17.16  —557 [+0.96] [~1.10] [+15.77)
CBS LIMIT  [+42.80] [-38.26] [+17.20] [-5.59] [4+0.96] [-1.10] [+16.01]

AHok = AEccsp(r)/cBs + 0zpVE + 01(Q) + dcORE + OREL + dDBOC
=16.15—3.01 — 0.14 + 0.15 — 0.07 4+ 0.24 = 13.33 kcal mol~!
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CN 4+ HOCN — HCN 4+ NCO

Level of Theory:

1.486  1.064

Reference: ROHF
Geometry: CCSD(T)-F12a/cc-pVTZ-F12 177.2
Frequencies: CCSD(T)-F12a/cc-pVTZ-F12
Program: MoLrpPrO 2010.1

Wavefunction Diagnostics:

Tz 0.034 Figure B.16: TS (CN + HOCN —
Dy: 0.184 HCN + NCO)

Cartesian Coordinates (A):

C 0.0243240242 .0000000000 1.7415399022

N -0.4075222113 .0000000000 2.8293615972

H 0.5725646225 .0000000000 0.3605205305

0 0.9652868015 .0000000000 -0.6287475730

C 0.0302629987 .0000000000 -1.5024939718

N -0.7831055005 .0000000000 -2.3420933481

Rotational Constants (GHz): 1.9515750,1.7724398,19.3097192

Harmonic Vibrational Frequencies (cm™'):

’

a: 2240 2134+ 2128 1202 1110 591 425 172 56
a’: 531 497 141
Incremental Focal Point Analysis Table (kcal mol~!):

Basis ROHF  +6MP2 +44CCSD +4(T) +6T  +6(Q) Net
aug-cc-pVDZ  +26.92  —20.53 +4.14 -3.23 4027 —-097 [+6.62]
aug-cc-pVTZ  +27.01  —20.92  +4.53  —351  [+0.27] [-0.97] [+6.41]
aug-cc-pVQZ 42733  —20.69 +4.69 —-3.57  [+0.27] [-0.97] [+7.07]
aug-ccpV5Z  +27.39  —20.52 4471 —358 [+0.27] [-0.97] [+7.30]
CBS LIMIT  [+27.40] [-20.33] [+4.72] [-3.60] [+0.27] [-0.97] [+7.50]

AHok = AEccsp(T)/cBs + 9zpVE + 01(Q) + 0CORE + OREL + 0DBOC
= 8.19 — 3.40 — 0.69 — 0.03 — 0.03 + 0.18 = 4.22 kcal mol~!
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CN + trans—HONO — HCN + NO,

Level of Theory:

Reference:
Geometry:
Frequencies:

Program:

ROHF

CCSD(T)-F12a/cc-pVTZ-F12

Ty:  0.029

D;: 0.135

Cartesian Coordinates (A):

.0000000000

.0000000000

.0000000000

.0000000000

.0000000000

.0000000000

-0.

CCSD(T)-F12a/cc-pVTZ-F12

MoLproO 2010.1
Wavefunction Diagnostics:

.2239344140
.4157840984
.1878950060
.1262654871

.1673825523

8586781284

173.6

/\1.517

1.119

1.296
123.0

Figure B.17: TS (CN + +-HONO — HCN
+ NO3)

.4415028162
.4245323474
.2699870264
.8472682816
.7677813704

.7023045124

Rotational Constants (GHz): 2.4019474,2.9132878,13.6847477

Harmonic Vibrational Frequencies (cm™1!):

’

a: 2194

"

a :

Incremental Focal Point Analysis Table (kcal mol~!):

2091

2013

1805

1178 848

458 332 117

1115

288 155

Basis ROHF  +6MP2  46CCSD  +§(T)  +6T  +46(Q) Net

aug-cc-pVDZ  +31.93  —29.52  +1511  —459  +0.46  —0.95  [+12.45]
aug-cc-pVTZ 43137  —30.67  +1527  —4.71  [+0.46] [-0.95] [+10.78]
aug-cc-pVQZ 43161  —30.81  +1536  —4.78  [+0.46] [-0.95] [+10.89]
aug-cc-pV5Z 43167  —30.71  +1533  —4.79  [+0.46] [-0.95] [+11.01]
CBS LIMIT  [+31.70] [-30.61]  [+15.30] [—4.80] [+0.46] [—0.95] [+11.10]

AHok = AEccsp(r)/cBs + 0zPVE + 01(qQ) + 0CORE + OREL + dDBOC

=11.59 — 0.78 — 0.49 — 0.29 + 0.05 + 0.03 = 10.12 kcal mol !
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CN + trans—HONO — HNC 4+ NO,

1.182
Level of Theory:
Reference: ROHF 1.330
Geometry: CCSD(T)-F12a/cc-pVTZ-F12

Frequencies: CCSD(T)-F12a/cc-pVTZ-F12

1.194

MoLrpPrO 2010.1
Wavefunction Diagnostics:

Ty: 0.028

Program:

1.169

\-/1.271

Dy: 0.129 124.9

Figure B.18: TS (CN + +-HONO — HNC

+ NO3)

Cartesian Coordinates (A):

C -0.8865914232 0.0000000000 -1.3447181912
N 0.1426495322 0.0000000000 -1.9252831565
H 0.9059513024 0.0000000000 -0.8360483000
0 1.0971629435 .0000000000 .3424308986
N -0.1250416230 .0000000000 .6926781573
0 -0.5040734322 .0000000000 . 7988259711

Rotational Constants (GHz): 3.7516223,2.9938317, 14.8216743

Harmonic Vibrational Frequencies (cm™!):

ot 2029 1779 1761 1581 1224 834 515 366 165

"

a : 1101 296 180

Incremental Focal Point Analysis Table (kcal mol~!):

Basis ROHF  4+6MP2 46CCSD  +6(T)  +6T  +6(Q)  Net

aug-cc-pVDZ 42843  —26.77  +13.59  —5.04 4025  —0.48  [+9.98]
aug-cc-pVTZ — +27.89  —2826  +13.69  —5.10 [+0.25] [—0.48] [+7.99]
aug-cc-pVQZ 42808  —2855  +13.69  —5.18  [+0.25] [—0.48] [+7.80]
aug-cc-pV5Z 42814  —2847  +13.62  —5.18  [+0.25] [-0.48] [+7.8]
CBS LIMIT  [+28.17] [-28.38] [+13.54] [-5.19] [+0.25] [—0.48] [+7.91]

AHok = AEccsp(t)/cBs + 0zpVE + 01(Q) + dCORE + OREL + dpBOC
=8.14 —1.27—-0.23 — 0.28 + 0.12 + 0.15 = 6.64 kcal mol~*
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cts—HONO — trans— HONO

Level of Theory:
Reference: ROHF

Geometry: ~ CCSD(T)-F12a/cc-pVTZ-F12

Frequencies:  CCSD(T)-F12a/cc-pVTZ-F12 0.967 /Ml 1161

Program: MoLPRO 2010.1 86.9
Wavefunction Diagnostics:

Tz 0.020 Figure B.19: TS (¢-HONO — trans-

Dy: 0.055 HONO)

Cartesian Coordinates (A):

0 0.0045185894 0.2738091964 -1.05631912164
N -0.0180740089 -0.5095275327 -0.1959316342
0 0.0652811830 0.1499766463 1.1398108755
H -0.8567943095 0.3536719259 1.3477901922

Rotational Constants (GHz):10.9334590, 12.1152392, 82.3782869

Harmonic Vibrational Frequencies (cm™1'):

a: 3773 1731 1120 788 596¢ 555

Incremental Focal Point Analysis Table (kcal mol~!):

Basis ROHF 40MP2 +6CCSD +4(T) +4T +4(Q) Net

aug-cc-pVDZ  +11.75 +0.19 —0.81 +0.21 +0.09 +0.01  [+11.43]
aug-ce-pVTZ  +11.58  +0.32  —0.70  +0.19  [+0.09] [+0.01] [+11.50]
aug-ccpVQZ  +11.64  +043  —0.67  +0.19 [+0.09] [+0.01] [+11.68]
aug-cc-pV5Z  +11.65 4045  —0.66  +0.19 [+0.09] [+0.01] [+11.72]
CBS LIMIT  [+11.65] [+0.48]  [-0.65]  [+0.18] [+0.09] [+0.01] [+11.75]

AHok = AEccsp(r)/cBs + 0zPVE + d1(Q) + 0CORE + OREL + dpBOC
=11.65 — 1.30 + 0.10 + 0.05 — 0.03 + 0.01 = 10.49 kcal mol~*
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