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ABSTRACT

The chemical environments and processes of the Earth’s atmosphere, the in-
terstellar medium, and circumstellar media remain relatively understudied despite
the vast molecular material available therein. Despite the advancements of emerging
spectroscopic technologies, there is still a lack of reliable reference data for potential
atmospheric, inter-, or circumstellar molecular species. Therefore, accurate predic-
tion of rovibrational spectral constants is crucial for enabling current and emerging
spectroscopic technologies to detect elusive inorganic molecules both within and be-
yond the terrestrial veil. Recent advancements in computational methodology have
significantly reduced computational time while simultaneously improving the accu-
racy of these spectral constants. The present work highlights recent progress of
computational techniques as they apply to highly accurate theoretical spectroscopy
for predicting rovibrational spectral constants relevant to both interstellar and at-

mospheric chemistry.
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CHAPTER 1
INTRODUCTION

1.1 Motivation

In the late 1930s into 1940, the first three interstellar molecules, CH*, CH, and
CN, were detected®® after comparing known, laboratory-derived, optical, molecular
absorption features against interstellar cloud spectra. However, further detections
of interstellar species slowed over the next 20 years as astrophysicists theorized that
diatomic molecules were the only expected molecular contributors to spectral sur-
veys of astronomical bodies.®!® This diatomic theory remained through the next
molecular detection in 1963, the OH radical, in the radio absorption spectra of Cas-
siopeia A.!' However, toward the end of the 1960s, this diatomic paradigm began to
shift with the confirmed detection of polyatomic molecules, namely NH3 and H5O,
in radio emission spectra observed towards the galactic center and Sagittarius B2,
respectively. 1?13 As interstellar observations began to incorporate molecules beyond
diatomics, astrophysicists and chemists devoted their efforts to determining the ori-
gin and abundance of these molecules to better understand the physical universe
through the lens of chemistry.

The application of molecular spectroscopy to the field of astrochemistry bridges
the gap between astrophysical sources and earth-bound laboratories.*1® As stated
previously, radio astronomy brought about the lens change with which the universe
was viewed. In fact, many of the gas-phase molecules that have been observed are

mostly identified through ground-based rotational telescopes. !¢ Notably, the largest



radio observational telescope in the world is the Atacama Large Millimeter/sub-
millimeter Array (ALMA) and offers rotational spectroscopic capabilities with a
high degree of resolution, sensitivity and spectral range.!”'® Additionally, due to the
nature of rotational spectroscopy, most astronomical regions provide sufficient ener-
gies to populate even the lowest of rotational levels of most molecular compounds.
Therefore, a rotational line survey of any given astronomical source produces a
vast quantity of complex signatures painting a picture of the chemical composition
within. '

While radio astronomy has been instrumental in detecting much of the avail-
able astronomical molecular catalog,?’ it cannot probe the entire electromagnetic
spectrum. In recent years, advancements in infrared (IR) spectroscopic technologies,
specifically in air- and space-based observatories, have expanded the ability to explore
interstellar and circumstellar environments. This is exemplified by the James Webb
Space Telescope (JWST), which enables more efficient and comprehensive spectral
probing of astronomical sources in the near-to-mid IR.2%?? Additionally, while radio
astronomy and IR spectroscopy are distinct techniques, they provide complementary
insights into the molecular composition of astronomical environments. For instance,
if a molecule contains a permanent dipole moment, it can exhibit both microwave
and IR transitions. As a result, spectral line lists of astrophysical sources can now
be pruned of known molecular transitions in the microwave and IR regimes, painting
an even fuller picture of the richer chemical composition covered up by the most
abundant molecules. There is precedent for such assignments in microwave and IR
regions, namely hydrogen isocyanide?® and methyl formate.?* However, molecules
that lack permanent dipole moments will not exhibit microwave emission, though
they may still undergo IR transitions. These molecules range from polycyclic aro-

matic hydrocarbons (PAHs) to simple gas-phase compounds that have depleted onto



the surface of dust grains or interstellar ice, both of which remain active areas of
astrochemical research. Thus, IR technologies serve as an essential tool for detecting
these “rotationally dark” molecules. %2

The same spectroscopic techniques that assist astrochemical research are
equally critical for probing Earth’s atmosphere, where pollution and metal species
contribute to the complex chemical environment.?%2® Detecting and quantifying the
molecular composition of the atmosphere is therefore crucial. The Cloud-Aerosol
LiDAR and Infrared Pathfinder Satellite Observation (CALIPSO)? monitors the
Earth’s IR spectrum, while the Aqua satellite3? provides rotational spectroscopic
data. Together, these methods help track both known and emerging pollutants, in-
cluding reactive radicals, oxidizing compounds, and metal ions that contribute to
complex atmospheric chemistry. The effects of some of these metals remain uncer-
tain, emphasizing the need for continued spectroscopic analysis to better understand
their role in air quality and climate.

An inevitable consequence of the advancements in the sensitivity and reso-
lution of rotational and IR spectroscopic technologies is the realization of the vast
number of spectral lines that remain unassigned.'® Of course, a portion of these
spectral lines have been accounted for by the backlog of laboratory spectral data
collected in decades past. However, even after identifying the known transitions
of established molecules in spectral surveys, many of these molecules may exhibit
additional transitions in other spectral regions that are challenging to characterize
through laboratory studies. >3 Without the ability to separate these unknown tran-
sitions of known molecules, further observation of novel molecules and compounds
is experimentally impeded. Thus, a technique for generating spectral data of both
known and unknown molecules is warranted in order to continue answering funda-

mental astrochemical questions.



When laboratory experiments are unable to produce rovibrational spectral
data, quantum chemical predictions often thrive in filling this gap. Even as early as
the 1970s, early quantum chemical techniques, as discussed in Section 1.2, were used
to predict the rotational constants of various molecules and compounds for compari-
son with astrophysical line surveys.3?3¢ A key advantage of computational quantum
chemistry is its ability to predict the pure rovibrational spectra of a given molecule
without influence of impurities that may affect experimental data.?” Furthermore,
computational techniques can predict the structure and spectra of a vast array of
molecules, adhering to the principles of terrestrial, interstellar, and circumstellar
chemistry. These advantages make computational quantum chemistry an invaluable
tool in the field of astrochemistry and atmospheric chemistry.

However, the ability to predict spectral data does not inherently guarantee its
accuracy or reliability. Therefore, careful consideration must be given when selecting
a level of theory that is both precise and broadly applicable for this purpose. As
previously mentioned, observational and laboratory spectroscopic capabilities have
significantly improved in accuracy over recent decades. As these technologies ad-
vance, computational techniques must also be refined and updated to remain effec-
tive in the prediction of spectral data. Modern computational quantum chemical
methods have reached a level where their predictions closely align with experimen-

16,18,:38-42 golidifying its roles as an independent astrochemical technique.

tal results,
However, their continued relevance depends on rigorous benchmarking and its suc-
cessful application to atmospheric and astrochemical research.

The present work showcases some of these more recent computational methods
and techniques as well as how they are applied to the fields of atmospheric chem-

istry and astrochemistry. The first evolution showcased herein (Ch. 2) compares the

accuracies of long-standing and more recent coupled cluster methods as they pertain



to providing reference rovibrational data for novel sulfur-bearing compounds in the
interstellar medium (ISM) and circumstellar media (CSM). Then, in Ch. 3, these
more recent coupled cluster methods are further improved upon and applied to the
prediction of rovibrational reference data for a novel, elusive fluorine-containing per-
oxide that may be present both in the ISM and CSM as well as Earth’s atmosphere.
Next, Chs. 4 & 6 both explore formation pathways and rovibrational spectral pre-
dictions of aluminum nitrides within CSM. These chapters assume different starting
material, but are both based on a previous experimental study of the Murchison
CM2 chondritic carbonaceous meteorite.*® Finally, Ch. 5 benchmarks 10 different
levels of theory on different aluminum-bearing systems to identify a single level of
theory that most accurately predicts their rovibrational spectral data, and how this
level of theory affects the computational accuracy in Ch. 6. Each of the studies
conducted herein represents the advancements made in computational predictions of
rovibrational spectral data that serve as reference or complementary data for fur-
ther astrophysical detection of molecules contributing to the chemical composition

of Earth’s atmosphere and the broader cosmos.

1.2 Quantum Chemistry

The rovibrational spectral data produced in this work are all based on elec-
tronic structure theory computations, which in turn are built upon by quantum chem-
istry. The quintessential quantum chemical problem lies in solving the Schrédinger
equation:

HU = EU. (1.1)

The Schrédinger equation is inherently an eigenvalue equation that yields the energy
E when the Hamiltonian operator H is applied to a given wave function ¥. To

effectively solve for the energy of a desired molecular system, the form of H must



adequately account for interactions of electrons and nuclei in a three-dimensional

space. Thus, the form of H for N electrons and M nuclei, in atomic units, is given

by: 44
R N 9 - 2 a7
H:_Z§Vi_z_v ZZ +ZZT ZZ Rap 12)
i i g>i i A B>A

In Eq. 1.2, the Laplacian, V? is the differentiation operator with respect to the

ior A
positions of a given electron or nucleus in three-dimensional space. The first term
in Eq. 1.2 corresponds to the kinetic energy of the electrons, the second term to the
kinetic energy of the nuclei, the third term to the attraction between the electrons and
nuclei, the fourth term to the repulsion between electrons, and the last term to the
repulsion between the nuclei. Additionally, this work considers the non-relativistic,
time-independent Schrodinger equation as its solutions represent physical situations
where the probability density of a given wave function does not vary with time.*>
Consequently, the complete energy of a molecular system is determined without
accounting for the motion of the nuclei. Within the venerated Born-Oppenheimer
approximation, H can be simplified by neglecting the second term and reducing the

fifth term to a constant.** Effectively, the electrons move within a fixed field of nuclei.

This approximation yields an electronic H:

_ilvz_iiz +ZZ_ (1.3)
i 2 T A Tia i j>i
While the Born-Oppenheimer approximation allows for a radical simplification of
H, Eq. 1.3 remains nontrivial when solving for the energy of wave functions beyond
hydrogen-like systems.
However, further approximations can be considered for the Schrédinger equa-

tion, particularly in the choice of wave function. Since the exact wave function for

6



molecular systems has not yet been mathematically derived, it must be approximated
by a finite set of linearly combined functions (¢;) and their expansion coefficients ¢;,

which together serve as a mathematical representation of the atomic orbitals:

U =~ Zcz@ (1.4)

Early basis sets were derived from hydrogen-like orbitals but were not efficiently
extrapolated to larger atomic or molecular systems. However, basis functions for
Slater-type orbitals (STOs) were developed, providing a more accurate description
to the atomic orbitals (AOs) around atomic or diatomic species.“® The definition of
the 1s STO is given in Eq. 1.5, where the Slater orbital exponent ( and the center

of the oribtal on the atom R, are specified:**

¢15(C7 r— Ra) = (63/77)1/267C|r7Ra| (15)

While STOs are the natural choice for constructing AOs, the sheer number of the
two-electron integrals that must be computed and stored for an electronic structure
computation grows on the order of K*/8, where K is the number of Slater functions.

Differently, utilizing Gaussian-type Orbitals (GTOs) circumvents these higher

order integrals and is given in Eq. 1.6 where « is the Gaussian orbital exponent.
Bro(a,r — Ry) = (20/7) 1ol Rl (1.6)

As the product of two Gaussian functions centered on different atoms results in a
separate Gaussian function on a third center, the costly four-center, two-electron
integrals required for STOs can be efficiently reduced to two-center, two-electron

integrals.*46 However, a single GTO does not equate the STO’s more accurate



description of electronic probability both near and far way from the nucleus.*® The
accuracy of STOs can be partially recovered by combining multiple GTOs to approx-
imate a single STO. For example, a minimal basis set such as STO-NG*7 constructs
an STO from N GTOs. Thus, approximating the exact wave function with a set of
basis functions allows for the systematic improvement when a more accurate descrip-
tion of the electronic wave function is required. Larger basis sets, such as 6-31G, were
introduced soon after the STO-NG basis set*® but are now primarily used for very
large chemical systems. In contrast, Dunning introduced basis sets like cc-pVDZ in
1989.4% These basis sets have seen significant improvement over the years and can
more accurately describe the electronic structure of molecular systems, including

those in the present work.

1.2.1 The Hartree-Fock Procedure

So far in the present section, approximations have been made to both the
Hamiltonian operator and the wave function to facilitate a more efficient solution to
the Schrodinger equation. However, the first approximation to solving the Schrodinger
equation is most often the Hartree-Fock (HF) or self-consistent field (SCF) method.
Perhaps the most important approximation employed by the HF method is the fur-
ther simplification of the electronic Hamiltonian, where the electron-electron repul-
sion term is approximated as the interaction of each electron with an average poten-

tial field created by the presence of all other electrons.
1.2.1.1 The Slater Determinant HF Procedure

Traditionally, the HF method is defined as the variational optimization of
the energy expectation value of a single Slater determinant under the constraint
of spin orthonormality.** As the HF method follows the variational principle, the

expectation value of the Hamiltonian is always an upper bound to the true ground



state energy of the normalized wave function,

(P|H|P) > Eq
(@)

(1.7)

Physically, this implies that lower eigenvalues E; for H provide more accurate ap-
proximations. In the context of the HF method, the variational principle ensures the
iterative refinement of ground-state energies toward greater accuracy.

The variational optimization in the traditional HF method begins with a

“trial” single-determinant wave function, from which the energy is computed:
Ey = (®o|H|Po) . (1.8)

The eigenvalue of H for this wave function allows for the construction of the HF

equation, which has the general form:

F)x(x:) = ex(xi). (1.9)

The one-electron Fock operator f(1) mimics the Hamiltonian operator from the

previous section and is defined as

_ 1 2 MZA HF
f)y==5Vi=) = +0™(1), (1.10)
7 A

where

V(1) =) (1) - Ky(1). (1.11)

b

In Eq. 1.11, Jy(1) and K(1) correspond to the Coulomb and exchange operators,
respectively. The J,(1) operator represents the average local potential due to an

electron, while the K,(1) operator naturally arises as a consequence of an antisym-



metrized single determinant wave function. Both the J,(1) and K3(1) operators are

formally defined in Eqgs. 1.12 & 1.13.

D = [ dxxi s (112

and

Ky(1) = / a2} (2)r 7 xa(2) (1.13)

As the HF potential, in Eq. 1.11, depends upon the spin orbitals that define the
wave function, the HF procedure must be solved iteratively to approximate the HF
potential field until a newly generated potential field is virtually similar to the pre-
viously generated potential field according to a predetermined convergence criterion.
This newly generated potential field provides optimized spin orbitals, or spatial or-
bitals if the linearly combined AOs (LCAQO) forming the molecular orbitals (MOs)
(LCAO-MOs) allow, which can then be used to satisfy Eq. 1.8 via Eq. 1.9 through

self-consistency.
1.2.1.2 The Roothaan-HF Procedure

Thus far in this section, the HF equations and the self-consistent HF potential
have been solved with respect to a general set of spin orbitals arising from single Slater
determinant wave functions. Unfortunately, this procedure is not easily extendable to
molecules, > which is essential for accurate spectral predictions. However, Roothaan
demonstrated that spatial basis functions, like those shown in Eq. 1.4, could be
easily converted into algebraic equations, solved using standard matrix techniques,
and iteratively refined to determine the lowest possible SCF energy for a given trial
wave function.*%" To leverage Roothaan’s approach, a trial wave function is first

chosen as a set of known basis functions that reasonably represent the LCAO-MOs
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of a system, where p are the MOs on the ith electron:
K
Yi=Y Cudy  i=1,2- K. (1.14)
=1

This choice of basis set follows Roothaan’s impetus by reducing the calculation of
the HF MOs to a simple calculation of the set of corresponding expansion coefficients
from Eq. 1.14, C};. Introducing the basis functions into the HF equations yields the

Roothaan-HF equation and is similar in form to Eq. 1.9:

1)Z(Jm¢z‘(1) = Eizcuicbi(l)- (1.15)

As Eq. 1.15 is itself not a matrix equation, it must be multiplied on the left by ¢7 (1)

and integrated to yield the matrix form

> [ e =630 [iméman. )

However, Eq. 1.16 can be further refined by defining two more matrices,

S = / 1651, (1) (1.17)

and

F = / a6 (1) £(1),(1). (1.18)

With these new definitions, Eq. 1.16 can be rewritten in a similar eigenvalue
equation form:

FC = SCe. (1.19)

In Eq. 1.19, C is a square matrix of the expansion coefficients, C;, from Eq. 1.14

11



and € is a diagonal matrix of the molecular orbital energies. The Fock matrix F is of
similar form to the previous Fock operator from Eq. 1.10 but is adapted to include

the choice of spatial basis functions and is defined as

Fl = H + G (1.20)

H7¢ is the core Hamiltonian matrix and is comprised of one electron integrals

describing the kinetic energy and nuclear-electron attraction

HY® =T, + Vi, (1.21)
where
. 1
= [ any)| - %3]0 (122
and
V) = /dr1¢*(1) - ZL b (1). (1.23)
: ! — [r1 — R4
Returning to Eq. 1.20, G, is the two-electron portion defined as
1
G = )\Z P\, {(,uv|a)\) - é(p)\|0'l/):| (1.24)
where
N/2
P =2 CuC;, (1.25)

is the charge density matrix and is directly related to the expansion coefficients of
the basis functions.

Before the Roothaan-HF can be solved for the orbital energies of the wave
function, the basis set must be orthogonalized.** A straightforward choice for orthog-

onalization is to use the inverse square roots of the overlap matrix S. This involves

12



the diagonalization of S which yields the diagonal matrix of eigenvalues s. The new

orthogonalization matrix can then be constructed by
S—1/2 = us~Y2Uuf, (1.26)

When the basis set is orthogonalized, the initial guess to F from Eq. 1.20 can be

made by approximating P, as zero and solving
F, = St-1/2Heoreg—1/2, (1.27)

Once F| is diagonalized, a new set of orthogonal expansion coefficients, C’, are

obtained and can be made non-orthogonal through
C =Ss%2¢C, (1.28)
which are now usable to recompute Eq. 1.25 and solve the initial HF energy using
By =3 Pu(Hy + Fi). (1.20)
i

These new expansion coefficients can also be used in Eq. 1.25 to obtain a new
guess for the two electron portion of F),, which then initiates the SCF procedure.
With this addition of G, to F,,, Eq. 1.27 will substitute the newly constructed F’
in for H®"*:

F = Si—1/2F's71/2, (1.30)

The process of diagonalizing the F matrix to obtain new expansion coefficients,
charge density matrices, and SCF energies continues until a specified convergence

criterion is met, as was the case in the previous section. A typical convergence crite-
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rion for SCF convergence simply compares the difference between the total electronic
energies from the last two iterations. For instance, if there is a difference of less than
107% Hartrees, the energies are considered converged. However, this threshold can

be lowered if greater accuracy is required to more decimal places.**

1.2.2 Post HF Methods

While the Roothaan-HF equations have been instrumental as initial approxi-
mations to computational solutions of the Schrédinger equation, limitations remain
in this SCF procedure. The variational nature of the HF method ensures that the
SCF energy is always greater than the “exact” energy, or the solution to the nonrel-
ativistic Schrodinger equation, regardless of the basis set size. Consequently, as the
number of basis functions approaches an infinite, or complete, basis set, the differ-
ence between the SCF energy and the exact energy asymptotically converges. This
convergence is known as the complete basis set (CBS) limit, or the “HF limit” for
the HF method. Nevertheless, the total SCF energy (Eyr) will always be greater

than the “exact” energy (Ep). This difference is defined as the correlation energy:**

Ecorr = Eo — Epr (131)

Additionally, this discrepancy in correlation energy arises from the way electron
interactions are treated within the HF procedure. While the SCF wave function
enforces the antisymmetry principle for electrons occupying the same spin orbitals, it
only accounts for electron interactions through an average potential field of the other
electrons in the system. Consequently, the correlation of electronic motion between
electrons with opposite spins is not fully captured in the HF method.** % Since the
accurate prediction of rovibrational spectral data depends on the electronic energy

of the system, properly accounting for electron correlation is crucial in this work.
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Therefore, computational methodologies that improve upon electron correlation in

the HF method, known as “correlated” methods, must be employed.

1.2.2.1 Configuration Interaction

The most straightforward improvement to the HF method is the configuration
interaction (CI) approach. The CI wave function is similar to the HF wave function,
and is constructed by the linear combination of excited determinant wave functions.
In fact, most post-HF methods utilize the HF determinant, |¥), that is obtained
from the SCF converged orbital energies of a given finite basis set. Thus, the CI

wave function can be expressed as a linear expansion by

o) = co [Wo) + > W)+ D Uy 4+, (1.32)
ia i<j,a<b

where |®g) is the exact many-electron wave function and the ¥ functions with super-
scripts and subscripts represent a replacement of spin orbitals based on the number
of indices and are referred to as excited determinants. For example, ¥¢ and \p%b are
said to be singly- and doubly-excited determinants, respectively. For n-tuply excited
states, the number of excited determinants is (]T\Lf ) (QKn_N ), where N is the number of
occupied spin orbitals and 2K is the total number of spin orbitals, which is extremely

large for even modestly sized chemical systems.**

1.2.2.2 Perturbation Theory

As the size of an electronic system grows, so too do the electron interac-
tions that must be correlated. That being said, even at a truncated level, the CI
wave function becomes too large and cannot be easily implemented computation-
ally. Hence, a need arises for another post HF method that can easily approximate

the correlation energy of a system. The most common choice for quantum chemists
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is many-body perturbation theory (PT), specifically as implemented by Mgller and
Plesset.?! Essentially, the total Hamiltonian is separated into the known “zeroth-
order” H, portion and some deviation, or perturbation, V.4 eigenvalue equation

form this can be written as
Hy+V|®;) = E; |®;) . (1.33)

Since the purpose is to approximate the correlation energy of the Roothaan-HF
equations, the HF Hamiltonian can be chosen as the zeroth-order f[o. Now, a per-
turbation parameter, \ is inserted into H and allows for the expansion to the exact

eigenfunctions and eigenvalues through the use of a Taylor series in A:
E =EY 4+ AE" + NXE® + ... (1.34)

;) = ’\If§°)> + A ’\1/5”> + 22

\If§2)> T (1.35)

If further constraints are imposed, such that the wave functions of H, are nor-
malized and <\I/§0) ‘(I>Z> =1, then Eq. 1.33 can be satisfied. As the HF Hamiltonian is
taken to be Hy here, the HF energy is expressed as the zeroth- and first-order terms
in the expansion. Therefore, the first correction to the HF energy can be solved for

in the second-order contribution:

N/2

o =y ilo) o) _NZ/Q (ijlab) (ablji) (1.36)

)
€ te€ —€,—¢€
ijab 0TS0 T fa T b

where the two-electron integrals and orbital energies come from the solutions to the

SCF procedure discussed previously.
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1.2.2.3 Coupled Cluster Theory

One of the most accurate post-HF methods for the computation of the elec-
tronic correlation energy is coupled cluster (CC) theory.?® Much like CI, the goal of
CC theory is to properly treat the effects of electron correlation through the expan-
sion of the wave function. However, CI is a linear expansion to the wave function,
whereas CC theory is an exponential expansion and introduces a “cluster” operator
T, defined as

Voo = el |®o) , (1.37)

which acts on the reference wave function, typically the HF wave function, as pre-
viously stated. One of the major benefits of CC theory compared to CI is its size-
extensivity. A size-extensive method is one where the total energy of the system
scales linearly with the number of electrons in the system. Additionally, CC theory
benefits from being size-consistent which means that the sum of the energy of two
non-interacting molecular orbital fragments is equal to the total energy of the system
due to the multiplicative separability of the cluster operator.5%3

To better understand the nature of the cluster operator, size-extensivity, and

size-consistency, second-quantization is employed to describe the wave function as

Vo = |gi; - -), (1.38)

where the creation of a new orbital ¢, can follow the annihilation of ¢; by

U = ala; i) = |Gatdj ). (1.39)

Qualitatively, second quantization allows for the effective excitation of electrons in

orbitals ¢; and ¢; into ¢, and ¢,.
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Second quantization also permits easy descriptions of the single- and double-
orbital cluster operators, which are necessary for the definition of total one- and

two-orbital cluster operators, Eq. 1.40 and Eq. 1.41:

Ty =t =) tiala;, (1.40)
and
TQ = t;] = Z t%bala;gajai. (141)
a>b

The forms of 7} and T5 follow the general description of the n-orbital cluster operator

as a power series

. 1\? &
T, = (m) Z t%?',','alaz---ajai (1.42)

ij--ab---
where it can be returned to Eq. 1.37 to fully define the exponential nature of the CC
wave function:

U = DAt Togy (1.43)

The implicit inclusion of higher excitations levels can be more clearly seen
in the commonly used CCSD expansion for a four-electron system. This CCSD
expansion of the wave function is written as

r Loy 1ag 2 Y TR Lo o
\IJ = 1 —|— T1 + ETl + ng + TQ + ETQ + ZTl —|— T2T1 + ETQTl 5 (144)
where effective triple and quadruple excitations are implicitly included. While the
full CI and full CC limits will produce exact wave functions, the implicit inclusions
of higher excitations provides CC theory with the major benefits as described above

at a given level of truncation.

Continuing with CCSD, the expression of the CC correlation energy is defined
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as

| . | iy a
Eoe = meti + 1 Z (]| ab) ti]’.’ + 3 Z (ij||ab) t t;’-. (1.45)

ijab ijab
In Eq. 1.45, f;, is the one-electron Fock operator, while (ij||lab) are constructed
from the two-electron integrals obtained in the SCF procedure. The one- and two-
orbital amplitude terms, ¢, have been explicitly formulated and defined by Stanton
et al.,% and are not redefined herein. Like the SCF procedure, CCSD is iterative
in nature. The initial guess sets the one-orbital amplitudes to zero, while the two-
orbital amplitudes are taken from the MP2 energy. The amplitudes are iteratively
reformulated until self-consistency is reached, allowing the CC correlation energy to

be applied to the HF energy.

1.2.2.4 Perturbative Triples within Coupled Cluster Theory

Although CCSD has been widely used in computational chemistry, Noga and
Bartlett demonstrated that explicit inclusion of triples excitations in the CC ex-
pansion, CCSDT (T =T+ T+ Tg), is necessary to model the energy for certain
systems.®® While CCSDT offered more accuracy and rapid convergence to full CI, it
was also computationally expensive for all but small systems.®®5” To address this, ap-
proximate treatments of full triples have been developed. The widely used CCSD(T)
method %789 applies a perturbative triples correction to CCSD, providing a more
accurate electron correlation energy while mitigating the computational cost of full

triples. The total CCSD(T) energy can be expressed as

Eiotat = Escr + Eccsp + Er), (1.46)
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where the first two terms have been defined previously, and E(7) is given by

By =55 D thi(©) DS () + tii(d)]. (1.47)

ijkabc

In BEq. 1.47, t{7¢(c) and {7 (d) represent approximate triples amplitudes that consist

of the predetermined doubles and singles amplitudes, respectively. These are defined

as
1
12%(c) = Dete P(i/jk)P(a/bc) {Zt (ei]|be)y — Zt maHyk‘] (1.48)
ij
and
1 . .
{5(d) = Fage P(I/TR)Pa/be)t (ikbe) (1.49)
ij

where ijb,g = fii+ fj; + fuk — faa— foo — fec and the permutation P operator is defined

P(p/qr)f(pgr) = f(pqr) — f(qpr) — f(rqp). When applied to the already defined
CCSD process, the higher-order CCSD(T) method provides greater accuracy in the
HF correlation energy than CCSD while remaining less computationally intensive
than CCSDT. In terms of scaling, HF scales as N*, where N represents the number
of orbital indices. Meanwhile, CCSD, CCSD(T), and CCSDT scale as N° N° plus

one non-iterative N7 term, and N®, respectively. 260

1.2.2.5 Explicitly Correlated CCSD(T)

All post HF methods incorporate some form of implicit electron correlation
with the wave function to reduce the energy gap in Eq. 1.31. However, the tradi-
tional methods discussed above have been shown to converge slowly to the CBS limit
due to the inaccurate treatment of the interelectronic Coulombic repulsion.®:%% To
counteract this slow convergence, an explicit interelectronic distance term between

61

electron 1 and 2, %, was introduced by Kutzelnigg and Klopper®" as a linear ex-
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pansion operator in their MP2-R12 methodology. However, Ten-no implemented an
exponential explicit correlation term into MP2 that showed more efficient correlation
energy convergence compared to the linear term.% This exponential term was later
implemented into CC theory and combined with the aforementioned CCSD method
yielding the explicitly correlated CCSD-F12 method. 5

The general form of the CCSD-F12 wave function truncates Eq. 1.43 to ¥ =
eTl+T2<I>0 where the single excitation operator, TI, is still Eq. 1.40, but the doubles

excitation operator includes an additional 7;% amplitude written as

Ty = ti; + aéy (1.50)

where
Ta = T, Fu5' (1.51)
af = (mn|F12Q12|a3) (1.52)
Qo = (1 — 61)(1 — 62)(1 — Dy0). (1.53)
The indices i, j, ... refer to occupied orbitals and a, b, ... to virtual orbitals, and
«a, B, ... to a complete basis set. The Fi5 term in Eq. 1.52 is the correlation factor

describing the short-range interactions of pairs of electrons.®® If higher-order cou-
pled cluster computations are desired, the perturbative triples procedure from the
previous section is computed exactly the same way within the F12 formalism.5%%4
Thus, CCSD(T)-F12 is introduced to incorporate explicit electron correlation, allow-
ing it to approach the CBS limit more quickly for a given basis set size. Moreover,
CCSD(T)-F12 has been shown to achieve the same accuracy with smaller basis sets

as canonical CCSD(T) with larger basis sets.% In terms of computational scaling,

CCSD(T)-F12 scales as 4N”, compared to the N7 scaling of CCSD(T). Nevertheless,
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CCSD(T)-F12 captures more correlation and enables faster computations, reducing
overall computational cost and making it more feasible to study larger molecular

systems.

1.3 Quartic Force Fields

The electronic structure methods discussed in the previous sections provide
the necessary energetic backbone for the ab initio computation of spectral constants
via the well-established quartic force field (QFF) procedure.® In order to accurately
describe the rovibrational profile of a given molecular system, one must return to
Schrodinger equation, Eq. 1.1, and begin with the internuclear Watson Hamilto-

nian: 67

H = 23 (o~ ma)tns (s ——Za@—%;ﬂww(q» (1.54)

af

J corresponds to the total angular momentum of a given Cartesian direction in-
dicated by « or § while 7 is the total vibrational angular momentum of the same
direction; jip represents the inverse tensor of the moment of inertia of the a, 5-th ge-
ometric coordinate; (Jy is a single normal coordinate where Q is the full set of normal
coordinates; and V(Q) is the full potential energy portion of the Hamiltonian with
its dependence upon the normal coordinates.?>¢ The first three terms are related
to the kinetic energy and emerge from the application of perturbation theory.% The
final term corresponds to the potential energy and is historically interpreted as an
extensive global or semi-global potential energy surface (PES).% However, the abil-
ity to approximate the potential energy function of a molecular system has become
a common tool to circumvent the more expensive computations of a PES.

A QFF is a fourth-order Taylor series expansion of the potential energy func-

tion within Eq. 1.54 with respect to its equilibrium geometry and molecular coordi-
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nates. The definition of a QFF in Eq. 1.55 includes terms for force constants F;;...

and displacements of the equilibrium geometry A;A; - --.%
1 1 1
ij ijk gk

Of course, the more general form of a Taylor series would have the zeroth- and
first-order terms present for completeness. However, the zeroth-order term is, by
construction, zero, and the first-order term is zero if the reference geometry is a
minimum on the PES, which is necessary for the accurate prediction of ground-
state spectroscopic constants. The second-order term in Eq. 1.55 corresponds to
the harmonic oscillator approximation to the potential energy function, which is a
first approximation to the vibrational frequencies, albeit an inaccurate one. Thus,
the inclusion of the third- and fourth-order terms within the QFF allows for anhar-
monic correction to these frequencies and the prediction of rotational spectroscopic
constants for a more complete set of spectroscopic data of a molecule or compound.

However, simply computing the QFF is not enough to predict the rovibra-
tional spectral data. The force constants (FCs) from Eq. 1.55 are must be derived
to move forward. There are two numerical ways of doing so. Historically, FCs have
been derived utilizing a least-squares fitting algorithm from Dateo et al.”™ This al-
gorithm produces an analytical function for the potential energy which offers the
opportunity to refit the force constants and molecular geometry to a new zero and
ensure the force constants are precise as possible.?>”" Another option is to compute
the FCs directly through finite differences as described by Westbrook et al.” Es-
sentially, finite differences allow for a straightforward direct computation of the FCs
that requires no fitting or refitting. This reduces the overall computational time

in the QFF procedure, and performs similarly to the least-squares fitting algorithm
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yielding an overall improvement to the derivation of the FCs.

1.3.1 Coordinate Systems

The coordinates displaced in Eq. 1.55 can be defined using various systems,
and over the years, the QFF procedure has transitioned between different coordinate
schemes. Historically, most QFF computations have used symmetry-internal coordi-
nates (SICs), which are linear combinations of simple internal coordinates based on
motions such as bond stretching, bond angle bending, and torsions. A key advan-
tage of an internal coordinate system is the reduction in total displaced coordinates
from 3N to 3N — 6 for non-linear molecules and 3N — 5 for linear molecules, where
N represents the number of atoms in the system. This reduction occurs by elim-
inating rotational and translational degrees of freedom. Since the QFF procedure
scales geometrically with the number of coordinates, using an internal coordinate
scheme can significantly reduce the number of single-point energy calculations re-
quired to construct the full QFF. Although SICs provide such a reduction, they are
typically converted to Cartesian coordinates for easier input into quantum chemistry
programs. The INTDER program ™ provides a valuable tool to convert between SICs
and Cartersian coordinates for this purpose.

However, the definition of SICs for larger and more symmetrical molecules is
notoriously difficult. Thus, one could simply use Cartesian coordinates throughout
the QFF procedure. As stated previously, the later stages of the QFF procedure
directly handle Cartesian coordinates which could potentially reduce the number of
steps in the process. However, the full 3N Cartesian coordinates are reintroduced as
the rotational and translation motions are no longer neglected. Due to the geomet-
ric scaling of the QFF procedure, the explicit use of Cartesian coordinates quickly

becomes untenable as the size of the molecular system increases.
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In recent years, advancements to the QFF procedure as conducted herein have
seen the advent of normal coordinate use” which is what the Watson Hamiltonian
was mainly formulated to use. Normal coordinates cannot be generated ab initio, and
require the construction of a PES. However, the normal coordinates can be derived
from the eigenvectors of a mass-weighted Hessian FC matrix. Thus, a harmonic
force field (HFF) can be constructed and computed, first, in order to obtain the
normal coordinates that fill out the rest of the cubic and quartic terms of the full
QFF. Thus, the use of normal coordinates can strike a balance between the ease
of definition from Cartesian coordinates in the HFF while retaining some of the

computational cost savings of internal coordinates in the full QFF.

1.4 Spectroscopic Data

Once the QFF has been computed, the full Watson Hamiltonian can be used
to solve the vibrational Schrodinger equation through the simple, yet effective, vi-
brational perturbation theory at second-order (VPT2), which is based on Rayleigh-
Schrodinger perturbation theory (RSPT).57 Within the RSPT implementation of
VPT2, the harmonic oscillator acts as the zeroth-order, or unperturbed, portion of
the vibrational Hamiltonian H no, while the first- and second-order perturbations
are based on the cubic, ﬁl, and quartic terms, ﬁQ, from the QFF procedure. Thus,

the vibrational Hamiltonian can be written as

H = Hyo + Hy + Hs. (1.56)

As stated by Franke, et al., diagonalization of the harmonic oscillator Hamil-
tonian yields the harmonic frequencies of the given molecular system. Then, the

first-order correction to the harmonic frequencies can be obtained from the first-
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order vibrational energy equation
ED = <xp§°>‘ﬁ1’qf§°>> , (1.57)

where U® is the harmonic oscillator wave function of a given vibrational state .

The second-order anharmonic correction equation is given by

@) <\I’2('0) ﬁQ‘W§0)> <‘Ij§0) ﬁQ‘\I’EO)>
EY = § (1.58)
¢ (0) (0)
i # E;" — Ej

From Eq. 1.57 & 1.58, the anharmonic energy of a given vibrational level can be
given as

E,=EY + E?. (1.59)

In addition to anharmonic vibrational frequencies, rotational constants are
also produced by VPT2 following the computation of the equilibrium rotational

constants:

h
o 1.
8m2cl, (1.60)

where I, is the moment of inertia tensor obtained from the optimized geometry. From

there, the corrected rotational constants for a given vibrational state are

1
B, =B, — i\vit = |, 1.61
Eioz(l/+2> (1.61)

where «; are vibration-rotation interaction constants related to the quartic and sextic
distortion constants also produced by the VPT2 procedure."%7 Again, VPT2 is
one of the simplest ways to compute rovibrational spectral data for a molecule of
interest. Additionally, when paired with an accurate electronic structure method,

VPT2 has the ability to predict rovibrational spectroscopic data to with 1.0% of
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gas-phase experimental data*®75 8! further lending credence to its use the following

work.

1.5 Closing

The methods defined in the prior sections lay the foundation for the present
work insofar as it should be considered accurate predictions of rovibrational spec-
tral data. The chapters herein provide predictions for the spectral features of novel
molecules within the context of atmospheric, interstellar, and circumstellar environ-
ments. These predictions should serve as either benchmarking data for present or
future laboratory and theoretical studies, or as reference data for the potential at-
mospheric or astrophysical detection of molecules that contribute to the complex

chemical environments of the atmosphere or the cosmos as a whole.
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CHAPTER 2

Spectral Signatures of Hydrogen Thioperoxide (HOSH) and Hydrogen Persulfide
(HSSH): Possible Molecular Sulfur Sinks in the Dense ISM.

Reprinted with permission from Palmer, C. Z.; Fortenberry, R. C.; Francisco, J. S.
Molecules 2022, 27, 3200 with permission of MDPI.
DOLI: https://doi.org/10.3390 /molecules27103200

Abstract

For decades, sulfur has remained underdetected in molecular form within
the dense interstellar medium (ISM), and somewhere a molecular sulfur sink exists
where it may be hiding. With the discovery of hydrogen peroxide (HOOH) in the
ISM in 2011, a natural starting point may be found in sulfur-bearing analogs that are
chemically similar to HOOH: hydrogen thioperoxide (HOSH) and hydrogen persul-
fide (HSSH). The present theoretical study couples the accuracy in the anharmonic
fundamental vibrational frequencies from explicitly correlated coupled cluster the-
ory with the accurate rotational constants provided by canonical high-level coupled
cluster theory to produce rovibrational spectra for use in the potential observation
of HOSH and HSSH. The v5 mode for HSSH at 886.1 cm™! is within 0.2 cm™! of
gas phase experiment, and the By rotational constant for HSSH of 6979.5 MHz is
within 9.0 MHz of the experimental benchmarks implying that the unknown spectral
features (such as the first overtones and combination bands) provided herein are sim-
ilarly accurate. Notably, a previous experimentally-attributed 214 mode, at 7041.8
cm~!, has been reassigned to the v, + v5 combination band based on the present
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work’s vy + v5 value at 7034.3 cm~!.

The most intense vibrational transitions for
each molecule are the torsions, with HOSH having a more intense transition of 72
km/mol compared to HSSH’s intensity of 14 km/mol. Furthermore, HOSH has a
larger net dipole moment of 1.60 D compared to HSSH’s 1.15 D. While HOSH may
be the more likely candidate of the two for possible astronomical observation via vi-
brational spectroscopy due to the notable difference in their intensities, both HSSH
and HOSH have large enough net dipole moments to be detectable by rotational

spectroscopy to discover the role these molecules may have as possible molecular

sulfur sinks in the dense ISM.

2.1 Introduction

Since the detection of sulfur-bearing molecules, such as carbon monosul-
fide,52%% in the 1970s in the interstellar medium (ISM), sulfur-containing species
have captured the interest of astrochemists, astrophysicists, and astronomers for
their analogous nature to oxygen and use in the determination of the physical struc-
ture of early stage star formation.®8> While volatile forms of sulfur molecules are
known to exist in the diffuse ISM, the observed abundance of such molecules in the
dense ISM was discovered to be less than 1% of the observed cosmic abundance.®
This so-called sulfur depletion problem has led to the search for the missing sulfur
in both the diffuse and dense regions of the ISM alike.87®® Since then, the majority
of the sulfur that should be present in the dense ISM has still eluded detection. The
majority of refractory forms of sulfur-bearing molecules have been hypothesized®
to be depleted onto dust-grains found in the clouds of protoplanetary disks in some
unknown molecule, but such a mechanism has not been supported or refuted. Alter-

natively, molecular forms of sulfur may simply exist in currently undetected molecular

species in the ISM.
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Figure 2.1: Visual depiction of the optimized structures for (a) HOOH, (b) HOSH,
(c) HSSH.
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Studies of sulfur-bearing molecules in the dense ISM have led to the inves-
tigation of similar molecules in cometary ices®® due to the hypothesis that these
environments mimic the chemical nature of ice found in hot core formation. Recent
astrochemical models support this hypothesis and predict sulfur-containing species
most likely being bound to the surface of dust grains or in volatile ices. This theory
is further supported by the discovery of both solid HyS by the Rosetta orbiter in the
Hale-Bopp comet”' and carbonyl sulfide (OCS) in interstellar ice grain mantles of
young stellar objects like AFGL 989 and Mon R2 IRS 2.92 These discoveries set the
precedent for the detection of sulfur on dust grains in protoplanetary disks, but for
which particular molecules to search is still unclear.

A natural starting point into the investigation of sulfur-containing species may
stem from their analogous nature to oxygen-bearing molecules that have previously
been detected. In 2011, HOOH was first discovered in the ISM and is hypothesized %3
to form through the addition of H atoms onto molecular oxygen on the surface of
dust grains. A straightforward analog may occur from the addition of H atoms onto
sulfur monoxide (SO), which was first observed in the ISM in 1973.9391 Gaseous SO
has been found in the remnants of type Il supernovae that may contribute to the
depletion of sulfur onto the dust grains found in the dense ISM.%%% If SO exists
on the surface of dust grains, it may lead naturally to the formation of the sulfur

analog hydrogen thioperoxide (HOSH). Hydrogen persulfide (HSSH) may form in
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a related way, but the polymeric allotropes of sulfur imply that it may be created
under different conditions. In any case, observation of either molecule would provide
in situ comparison for such mechanisms.

Consequently, the detection of HOSH and HSSH will require rovibrational ref-
erence data which are provided herein via highly-accurate quantum chemical compu-
tations known as quartic force fields (QFFs). A QFF is a fourth-order Taylor series
expansion of the potential portion of the internuclear molecular Hamiltonian. % QFFs
have been used to produce highly-accurate rotational constants and fundamental an-
harmonic frequencies within to 1% of experimental values for numerous molecular
systems, 39:40,76-78:80.96-103 The QFFs in this work are used in conjunction with high-
level quantum chemical electronic structure computations and benchmarked with
gas-phase experiment and previous theoretical studies where available to provide the
necessary and full set of rovibrational spectral data needed for the potential detection
of these sulfur-bearing molecules as possible reservoirs of sulfur in the dense region

of the ISM.

2.2 Computational Details

The present work utilizes two different methods of producing QFFs for each
molecule. The two methods are based on coupled cluster theory at the singles,
doubles, and perturbative triples [CCSD(T)] level.5® The first method implements
the CCSD(T) level of theory within the explicitly correlated F-12b formalism along
with the cc-pVTZ-F12 basis set. %54 This method will henceforth be abbreviated as
F12-TZ. The second method is a composite method based on canonical CCSD(T)
that takes into account effects from the complete basis set (CBS) limit extrapola-
tion (“C”), core electron correlation (“cC”), and scalar relativity (“R”) yielding the

abbreviated “CcCR” method. F12-TZ QFFs have been used to compute accurate
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anharmonic fundamental frequencies that are as, if not more, accurate than the fre-
quencies computed using the CcCR method but at a fraction of the computational
cost. 1947106 Even though F12-TZ provides highly accurate anharmonic fundamen-
tal frequencies, it cannot readily produce rotational constants at the same level of
accuracy as the CcCR method, motivating the usage of both QFF methods herein. 4

Both QFF methods utilize the MOLPRO 2020.1 quantum chemical pack-
age.'%7 Both methods begin with the optimization of the molecular geometry with
exceptionally tight convergence criteria. The CcCR method utilizes a geometry opti-
mized at the CCSD(T)/aug-cc-pV5Z level of theory, but includes corrections to this
geometry based on the difference between the inclusion and exclusion of the effects

108 (MT) core-correlating basis

of core electron correlation from the Martin-Taylor
set. The F12-TZ method, however, employs a simpler approach by only optimizing
at the CCSD(T)-F12b/cc-pVTZ-F12 level of theory. Once each geometry has been
optimized, the structures of each species are displaced by 0.005 A for bond lengths
and 0.005 radians for bond angles/torsions using symmetry-internal coordinates via
the INTDER™ program.

The simple-internal coordinate system for HOOH requires 665 points for the

QFF and is defined from the atoms in Fig. 2.1A:81:109

S\ = F(0y — O3) 2.1)
S, — %[r(Hl —0,) + (05 — Hy)] (2.2)
S, = %[Z(Hl 05— 03) + £(0y — O3 — Hy)] (2.3)
S, = #(Hy — Oy — Oy — Hy) (2.4)
S, = %[T(Hl —0y) = (0 — Hy) (2.5)
S5 = %[Z(Hl — 04— 0y) = /(05 — O3 — Hy)] (2.6)
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The simple-internal coordinate system for HSSH is the same as the HOOH
system with S atoms replacing the O atoms. The symmetry-internal system for

HOSH requires 1289 points for the QFF and is based on the geometry of Fig. 2.1B:

Sy = r(H, — 0) (2.7)
Sy = (O —8) (2.8)
Sy = r(S — Hy) (2.9)
Sy = /(H, — 0 —8) (2.10)
S5 = /(0 —S— M) (2.11)
Se = 7(H; — S — O — Hy) (2.12)

A single-point energy calculation for every displacement for either QFF method
is then computed. At each displaced geometry point using the CcCR method,
CCSD(T) energies are computed with the aug-cc-pV(T+d)Z, aug-cc-pV(Q+d)Z, and
aug-cc-pV (5+d)Z basis sets for the extrapolation to the CBS limit. !¢ Each point is
also computed with the core correlation turned on and off utilizing the same MT basis
set from the geometry optimization. Additionally, the Douglas-Kroll scalar relativis-

" are computed using the cc-pVTZ-DK basis set with the corrections

tic corrections !
turned either on or off. Finally, single-point energy calculations at each displaced
geometry for HOSH only were computed using the CCSDT/aug-cc-pVTZ level of
theory for the inclusion of the contributions of full triples in a separate, but simi-
lar, “CcCRE” composite method. For F12-TZ, each single-point energy calculation
is only computed at the CCSD(T)-F12b/cc-pVTZ-F12 level of theory. Regardless
of QFF method, once the single-point energy calculations are finished, the relative

energies are fit to the QFF Taylor series model using a least squares fit procedure to

better than 10717 a.u.?, then fit once again to include contributions from the com-
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Table 2.1: Geometrical Parameters and Spectroscopic Constants for HOOH Com-
pared to Previous Gas-Phase Experiment.

Units CcCR F12-TZ Prev. Theory Prev. Expt.
R.(H-0) A 0.96198 0.96348 0.963% 0.9617°
R.(0-0) A 1.44803 1.45099 1.4509 1.4524°
/¢(0-0O-H) ° 100.15 100.09 100.1@ 99.76°
7 (H-O-O-H) ° 112.80 112.66 112.7¢ 113.6°
A MHz 304899.4 303773.7
B. MHz 26576.3 26472.3
Ce MHz 25742.3 25646.3
Ro(H1-01) A 0.96228 0.96379 0.9675°
Ro(01-02) A 1.46166 1.46464 1.461%
/0(H1-01-02) ° 100.05 99.99 100.07°
Ao MHz 302188.9 301077.7 300419¢ 301874.2654°¢
By MHz 26276.2 26171.3 26030% 26194.08965¢
Co MHz 25286.1 25194.1 25349 25116.88435¢
Ay MHz 297349.8 296967.2
B MHz 26232.4 26128.6
o MHz 25282.6 25191.3
Asg MHz 305755.8 304615.1
By MHz 26093.7 25988.4
Ca MHz 25214.1 25121.0
Az MHz 301557.4 300454.1 301,873.49732647
Bs MHz 25957.4 25853.2 26,193.0529267
Cs MHz 24962.0 24871.3 25,117.89524297
Ayq MHz 300894.7 299793.5
By MHz 26290.4 26182.9
Cy MHz 25044.4 24958.2
As MHz 295700.7 293937.2
Bs MHz 26240.8 26136.4
Cs MHz 25284.4 25193.1
Ag MHz 306454.1 305307.4 306,559.6731544°
Bg MHz 26215.6 26110.0 26,162.8878096¢
Cs MHz 25043.1 24951.8 24,836.1562867¢
Ay kHz 96.817 96.409 86.6100411¢
Ag MHz 11.027 10.914 13.7784613¢
Ak MHz 1.138 1.130 1.2576293°
5y Hz -31.906 -14.235
Sx MHz 6.812 6.780
iy mHz, 392.379 (uHz) 1.285
D kHz 1.765 1.729
DK Hz 77.849 74.877
Dy Hz -228.455 -219.330
on uHz 2.608 (mHz) 887.135
bk Hz 111.163 111.449
oy kHz -53.653 -55.097
u D 1.75 1.746¢

@Previous theory computed at CCSD(T)-F12/cc-pVTZ-F12 from. 110

bExperimental geometrical parameters from. 111

¢Experimental ground state rotational constants from.
4Electric dipole moment calculated at the CCSD(T)/aug-cc-pV'TZ level of theory from. 113
¢Experimental vg rotational constant for vg from.
f Experimental rotational constants for v3 from.

115

114

112
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puted Hessian to construct the equilibrium geometry. The force constants generated
from the least squares procedure are re-fit to produce zero gradients and then are
transformed into Cartesian coordinates through the INTDER program. ™ These are
then used by the SPECTRO® program to compute the spectroscopic constants and
vibrational frequencies produced by rotational and vibrational perturbation theory
at second order (VPT2).6775,118

The rovibrational spectra of each species contains Fermi resonances and res-
onance polyads. These are treated by the SPECTRO program to provide more

9 of the rovibrational spectra. The spectrum for HOSH con-

accurate predictions!!
tains a 2v5 = v4 and a 25 = v5 type-1 Fermi resonance. For HSSH’s spectrum, a
2us = vg and a 25 = v type-1 Fermi resonance and vy /vy, 15 /11, and vy /1y Darling-
Dennison resonances are present, and the spectrum for HOOH includes a vg = vs
type-1 Fermi resonance, a v5 + v5 = v type-2 Fermi resonance and a v,/ and
vy /v3 Darling-Dennison resonance. To further assist in possible observation, dipole
moments for each species are computed at the CCSD(T)-F12b/cc-pVTZ-F12 level
of theory. Anharmonic infrared intensities are calculated using the Gaussian16'?
quantum chemical package at the MP2/aug-cc-pVDZ level of theory which has been
shown to produce semi-quantitative agreement with higher levels of theory for far

less computational cost. 121122

2.3 Results and Discussion

2.3.1 HOOH

The computed rovibrational spectra for HOOH in this work provide reference
benchmarks to show spectral differences between it and the sulfur analogs. As seen in
Table 2.1, F12-TZ surprisingly out-performs CcCR by producing the more accurate

rotational constants compared to experiment. F12-TZ’s B, value of 26171.3 MHz is
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Table 2.2: Vibrational Frequencies (cm™'), and IR intensities (km/mol) given in
parentheses for HOOH Compared to Previous Theory and Gas-Phase Experiment.

Mode  Desc. CcCR F12-TZ Prev. Theory®  Prev. Theory/  Prev. Expt.
wi(a)  Ss 3806.1  3798.5 3798

wa(a)  Ss 1441.7  1437.6 1447

ws(a) 1 915.0 911.3 911

we(a) Sy 380.3 380.4 378

ws(b) S 3805.8  3798.4 3798

we(b)  Sg 1333.3  1330.1 1330

vi(a) Ss 3611.1  3607.5 (11) 3607 3611.05 3609.8°
vo(a)  Ss 1398.0  1393.9 (1) 1400 1394.43 1393.5¢
vs(a) Sp 878.4 875.3 (1) 875 865.77 877.934
ve(a) Sy 314.7 319.4 (164) 315 370.89°
vs(b) So 3608.8  3605.2 (49) 3605 3609.73 3610.66°
ve(b) S 12784 12759 (119) 1283 1264.78 1273.68¢
ZPT 5740.5  5730.6

@Previous theoretical QFF computed at CCSD(T)-F12/cc-pVTZ-F12 level of theory from.11°
bPrevious gas-phase experimental values gathered from.,'23 ¢, 124 d 115 5pd € 125
fPrevious theoretical values using VMP2 from. !

lower than the experimental!!? value of 26194.08965 MHz by 22.8 MHz, an error of
0.09%. In contrast, the By rotational constant computed via the CcCR QFF method
is 82.1 MHz higher than the experimental value with the C} following suit having a
difference of 169.2 MHz. This, however, is not surprising as previous computational
studies % on this molecule also fail to capture accurate rotational constants possibly
due to the large amplitude motion of the torsion. Regardless, the difference between
CcCR and experiment for the By and Cj constants are 0.31% and 0.67% in error,
respectively.

With regard to most vibrational frequencies, the present work agrees well
with both previous theory and experiment as shown in Table 2.2. The fundamen-

tal frequencies produced by the F12-TZ method compares well with gas-phase ex-

1
)

periment!?* with the v, frequency, the symmetric H—O—O bend at 1393.9 cm™
being 0.4 cm™! higher than the experimental fundamental of 1393.5 cm™!. CcCR

compares similarly with the v3 frequency, the O—O stretch with a fundamental of
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Table 2.3: Vibrational Frequencies (cm™'), and IR intensities (km/mol) given in
parentheses for two-quanta Bands of HOOH Compared to Previous Gas-Phase Ex-
periment.

Mode CcCR F12-TZ Prev. Expt. Prev. Theory

2v1 71310 7125.6 (1) 7041.87
2uy 27729 2764.8
2us  1739.6 1734.0
2uy 5578 5715 (

vitve 21411 21355
vatrs  3926.6  3927.4
vtvg  1576.0 1578.6
vs+ug  4876.7 4870.7 (1)

(1
(1
(1
1)
2us 71252 7119.8 (1)
2ug  2534.8  2529.7 (1)
vi+ve  4990.7  4983.1 (1)
vi+vs  4487.3  4480.6 (1)
vi+vy 39305 3931.4 (1)
vi+vs  7037.8 7034.3 (5) 7041.8°, 7050°
vi+vs  4879.9 4873.8 (1) 4827.494
votuz  2258.6  2251.4 (1)
votuy  1736.0  1736.2 (1)
votvs  4989.4  4981.8 (1) 4982.57¢
votug  2663.8  2657.2 (5)
vstyy  1191.2 1193.0 (1)
vstvs  4484.9 44782 (1) 4487.27¢
(1)
(1)
(1)

“Previous theoretically-attributed overtone from. 26

bPrevious gas-phase experimentally-attributed combination band and computationally-attributed
overtone from.'?” This attribution is questioned herein. See text for discussion.
°Previous gas-phase experimentally-attributed overtone from. 28

dPrevious gas-phase experimentally-attributed two-quanta modes from. 29

878.4 cm™ !, being 0.5 cm™! higher than gas-phase value of 877.93 cm~!. The worst
agreement is the vy frequency, the torsion, with F12-TZ and CcCR being 51.5 and
56.2 cm~! lower than experiment, respectively. Once again, as discussed in previous
literature, 1% this may be attributed to the large amplitude motion of the torsion.

10 ytilizes a similar QFF method also employing the

A previous theoretical study
CCSD(T)-F12/ce-pVTZ-F12 level of theory, but the previous work uses a different
fitting model than the present work and does not mention the inclusion of resonance

polyads in the VPT2 corrections. To that end, the difference between the previous

theoretical study and the present work is to be expected with most fundamental fre-
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quencies being within 0.5 cm™!, and the worst agreement being the 4 fundamental

with less than an 8.0 cm™! difference.
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Figure 2.2: Potential Energy Scan of the Torsional Motion. A) HOOH Calculated at
the F12-TZ Level of Theory (blue) and a Previous Theoretical Study using HF /STO
(black), B) HOSH Calculated at the F12-TZ Level of Theory, C) HSSH at the
F12-TZ Level of Theory, D) Comparison of HOOH, HOSH, and HSSH.

The inaccuracies in both the rotational constants and the anharmonic vi-
brational frequencies for vy warrant an investigation of the potential well for this
torsional motion of HOOH. As seen in Fig. 2.2A a relaxed scan of the torsional an-
gle produces an extremely flat potential well with a torsional trans-barrier of 371.9

130 also investigated the trans-

em™! (1.06 keal/mol). A previous theoretical study
barrier height, seen in Fig. 2.2A, and calculates the trans-barrier 1.17 kcal /mol higher
than the current work at 2.23 kcal/mol (~780 cm™!). However, a previous experi-
mental value!®! for the trans-barrier at 387.07 cm™! is closer to the present work’s

trans-barrier than previous theory. The previous theory utilizes the HF /STO level

of theory so the inaccuracy compared to experiment is to be expected. In any case,
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a molecule with a mode that exhibits a flat potential can be notorious for its inabil-
ity to be accurately modeled with VPT2 corrections as used in the present work.
As stated previously, CcCR QFF methods generally provide more accurate ground
state rotational constants. However, due to the composite nature of the method,
there are conflicting minima for the potential energy surface thus introducing ad-
ditional inaccuracy. This same inaccuracy has been seen as well for [Al, N, C, O]

132 While there is still considerable accuracy to experiment for the remainder

isomers.
of the fundamentals, the large amplitude motion of the torsion decreases the overall
accuracy of the ground state rotational constants seemingly preventing the accurate
rovibrational modeling of this molecule.

Further, several two-quanta vibrational overtones and combination bands for
HOOH have not been reported in the current literature. In order to assist in further
potential astrophysical observation, the present work introduces the missing over-
tones and combination bands for HOOH, as seen in Table 2.3. In current literature,
two previous studies attribute the same value of 7041.8 cm™! to either the 2v; or
V1 + vs two-quanta band, Halonen!?® and Redington et al.'?, respectively. The
present work’s F12-TZ value for the vy + v5 combination band is 7034.3 cm™! falling
in a similar region with the value attributed to the value from Redington et al.!?
with only a difference of 7.5 cm™!. Another previous experimental value, from Dzu-

1 also falls within the

gan et al.'?® for the v, + v5 combination band, at 7050 cm™
same region as the present work’s theoretical value along the work from both Halo-
nen '?® and Redington et al.'?°. Based on the agreement between the present work’s
value and each of the previous studies values for the band in question, this band is
attributed to the vq + v5 combination band for HOOH.

With regard to other two-quanta modes, previous gas-phase experimental

work is available for comparison.?? The previous experimental v, + v combination
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band, at 4827.49, does not compare favorably to the present F12-TZ value of 4873.8,
or a 46.3 cm™! difference. Both the vy + v5 and v5 + v5 two-quanta bands from
previous gas-phase experiment, 2 however, compare exceptionally well to the present
theoretical study. The previous gas-phase v, + v5 value of 4982.57 cm ™! is 0.8 cm™*
higher than the present F12-TZ combination band. Similarly, the previous gas-phase
vg + vs value of 4487.27 ecm™! is 2.4 cm™! higher than the present CcCR value of
4484.9 cm~t. While some two-quanta modes compare well to experiment, the slight
inaccuracy compared to experiment for other two-qaunta bands is not unexpected as
the available previous gas-phase experiment was conducted in 1962. Therefore, the
present work’s theoretical values will serve as a benchmark for any further, current
laboratory analysis even for the overtones and combination bands.

Analysis of the computed two-qaunta modes’ intensities show far weaker tran-
sitions than the anharmonic vibrational frequencies with the brightest two transi-
tions, the 11 + v5 and vy + 15 combination bands, at a mere 5.0 km/mol. Outside
of these modes, no two-quanta modes are present that exhibit intensities greater
than 1.0 km/mol. Though these transitions are weak, the vy + v5 and v5 + v band
fall within the elusive, and consequently understudied, near- to mid-IR spectrum,
1.4 pm and 3.7 pm range, respectively. With the recently launched James Webb
Space Telescope (JWST), the proper instrumentation to analyze this region of the
IR spectrum is now achievable with its Near Infrared Spectrograph. Since these fall
within the region of the IR dominated by polycyclic aromatic hydrocarbons (PAHs),
the data provided in this work will be instrumental in identifying molecules in this

region that are unrelated to these PAHs but have yet to be identified.
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Table 2.4: Geometrical Parameters and Spectroscopic Constants for HOSH Com-
pared to Previous Theory and Gas-Phase Experiment

Units CcCRE CcCR F12-TZ Prev. Theory Prev. Expt.
Re(H;-0) A 0.95700 0.96012 0.96152 0.9601% 0.9606°¢
Rc(0-S) A 1.65350 1.66051 1.66370 1.6614 1.6616¢
R.(S-Hz) A 1.33758 1.34273 1.34423 1.3413¢ 1.3420¢
£e(Hp-0-8) ° 107.53 107.21 107.20 107.0% 107.19¢
£(0-S-Hy) ° 98.38 98.45 98.43 98.6% 98.57¢
7e(H; O-S-Hp) ° 91.58 91.31 91.42 91.3% 90.41¢
A MHz 205070.3 203373.2 202852.8 203624
Be MHz 15546.3 15420.7 15362.9 15406%
Ce MHz 15116.1 14995.6 14940.2 149852
Ro(H;1-0) A 0.95493 0.95805 0.95947
Ro(O-S) A 1.66203 1.66926 1.67248
Ro(S-Hz) A 1.34726 1.35227 1.35379
£o(H1-0O-S) ° 107.80 107.51 107.49
£0(0O-S-Hs) ° 98.44 98.50 98.49
Ao MHz 203686.6 202021.5 201494.3 202199 202069°
Bo MHz 15428.1 15299.9 15242.2 152859 152820
Co MHz 14983.2 14860.4 14805.3 148479 148400
Ay MHz 201230.6 199597.1 199079.8 199769.9¢ 199532.64
B MHz 15403.5 15275.4 15217.9 15255.6¢ 15260.0¢
C1 MHz 14971.9 14849.0 14794.0 14829.64 14833.24
Ao MHz 199585.2 197980.8 197464.1
Bs MHz 15447.6 15318.6 15260.6
Cy MHz 14982.9 14859.6 14804.2
As MHz 206750.4 205046.1 204484.5
Bs MHz 15386.9 15257.9 15200.6
Cs MHz 14986.0 14861.5 14806.5
Ag MHz 206017.2 204343.0 203808.7
By MHz 15414.9 15286.0 15228.1
Cy MHz 14920.8 14797.9 14742.9
As MHz 203499.1 201823.1 201296.5
Bs MHz 15299.2 15168.7 15111.4
Cs MHz 14855.8 14730.7 14675.9
Ag MHz 202269.5 200635.4 200115.3
Bg MHz 15384.1 15255.2 15197.5
Cs MHz 14912.1 14789.6 14734.6
Ay kHz 23.614 23.535 23.346 24.528463°
Ag MHz 5.604 5.495 5.473 5.989715°
Agk kHz 388.724 385.632 382.477 0.3904340 (MHz)®
5y Hz 682.725 678.344 671.200
Sk MHz -0.811 -0.823 -0.816
D, mHz -12.453 -14.415 -14.509
Dy Hz 448.475 433.966 429.934
O K Hz -8.868 -9.067 -8.931
Dy Hz 58.332 58.290 57.557
b; uHz 484.538 407.691 394.947
bk mHz -862.352 -710.680 -699.524
b kHz -7.755 -7.988 -7.893
Ha D 1.41
I D 0.76
e D 0.05
Unet D 1.66%

@ Previous theoretical geometrical parameters calculated at the CCSD(T,full)/cc-pwCVQZ level of theory, ground
state rotational constants calculated at the CCSD(T, full)/cc-pwCVQZ level of theory with vibration rotation
corrections from the CCSD(T)/cc-pV(T+d)Z level of theory, and theoretical dipole moment calculated at the
CCSD(T, full)/cc-pwCVQZ level of theory from. 33

b Previous gas-phase ground state rotational constants and centrifugal distortion constants from.
¢ Previous empirical equilibrium geometrical parameters from. 135

@ Previous theoretical rotational constants at the CCSD(T)/cc-pVQZ level of theory with CCSD(T)/cc-pVTZ
vibrational correction and experimental rotational constants from. 136

134
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2.3.2 HOSH

Considering HOSH’s analogous nature and similar geometry to HOOH, a po-
tential energy scan of the torsional motion for this molecule is also investigated. In
Fig. 2.2B, a considerably deeper potential well, with a trans-barrier height of 1536.4
cm™! for the torsion, is seen compared to the potential well for HOOH. With this
deeper well, the rovibrational spectra of HOSH will not suffer from the same inac-
curacies in its VPT2 corrections. For this reason, the geometrical parameters and
rotational constants, given in Table 2.4, show a much higher accuracy compared
to experiment than that of HOOH. The CcCR value for By of 15299.9 MHz is in
good agreement with the experimental gas-phase value of 15282 MHz,3* giving a
difference of only 17.9 MHz which is only an error of 0.12%.4° The F12-TZ value is
less accurate, as expected, with a difference of ~40 MHz, an error of 0.26%, further
supporting the accuracy of rotational constants computed using CcCR versus F12-
TZ when compared to experiment. Similarly, the Cy rotational constant shares a
20.4 MHz difference, 0.14% error, between the CcCR value and the previous experi-
mental value of 14840 MHz, while the F12-TZ Cj value is 34.7 MHz lower than the
experimental method, an error of 0.23%. A previous theoretical study,!3® however,
performs more accurately when compared to experiment and calculates rotational
constants at the CCSD(T, full)/cc-pwCVQZ level with vibration-rotation correc-
tions from the CCSD(T)/ce-pV(T+d)Z level of theory and finds the By and Cj to be
within 7.0 and 3.0 MHz, respectively. The difference in accuracy for these rotational
constants may largely be due to the previous computational study’s implementa-
tion of the CCSD(T, full)/cc-pwCVQZ level of theory with vibrational corrections
at the CCSD(T)/cc-pV(T+d)Z level, which is considered to be a more theoretically
rigorous composite method.

137

Additionally, a previous theoretical study ">’ simulates the full rotational line

42



Table 2.5: Vibrational Frequencies (cm™'), and IR intensities (km/mol) given in
parentheses for HOSH Compared to Previous Theory and Gas Phase Experiment.

Mode Desc. CcCRE CcCR F12-TZ Prev. Theory Prev. Gas Phase Prev. Ar Matrix

wi Sy 3854.6  3825.8 3819.6 3829 (69)®

ws S3 2672.4  2662.2 2656.1 2649 (16)*

w3 Su 1210.4 12109 1211.0 1228 (41)®

wis s 1043.8  1033.7 1032.8 1029 (2)®

ws  So 794.1  786.0 784.7 777 (52)°

we  Sg 487.1  479.8 479.6 490 (75)®

v S 3650.8  3628.9 3626.7 (67) 3646.5° 3625.6° 3608.3°
vs  Ss 2556.8  2547.0 2544.9 (8) 2533.3° 25380 2550.1°
v3 Sy 1173.5  1174.8 1176.7 (36) 1183.5° 1175.7°
vy Ss 1018.8  1009.3 1008.3 (2)  1006.6"

vs Sy 772.2  T763.7 763.4 (47) 764.4° 762.5°
vs  Se 441.9  438.0 4474 (72) 448.1° 445.30

ZPT 4951.8 4922.8 4920.2

“Previous computed harmonic frequencies conducted at the CCSD(T)/cc-pV(T+d)Z level of
theory from 33

YPrevious theory, conducted at CCSD(T)/cc-pVTZ level of theory, gas-phase experiment, and Ar
Matrix data from.°

spectrum of HOSH at the CCSD(T)/aug-cc-pV(Q+d) level of theory through the
use of the TROVE program.3® While the present study utilizes VPT2 to generate
accurate rovibrational constants and fundamental frequencies, TROVE implements
a variational method for generating accurate rotational energies. The present CcCR
By rotational constant of 15299.9 MHz is 16.1 MHz higher than the previous theory’s
By of 15283.8 MHz, which is only in error of 0.11%. The comparable ground state
rotational constants are derived from the rotational energies provided in the previous
study. Furthermore, the CcCR Cj value of 14860.4 MHz is 22.1 MHz greater than
the previous theoretical Cy value of 14838.3, only a 0.15% error. While the pre-
vious theoretical ground state rotational constants are more accurate compared to
experiment, the small margin of error between the present and previous methods still
suggests the validity and accuracy of the current VPT2 methodology for generating
accurate rotational constants for systems of this type.

Presently, HOSH only has two observed fundamental frequencies by previous
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Table 2.6: Vibrational Frequencies (cm™'), and IR intensities (km/mol) given in
parentheses for Two-Quanta Bands of HOSH Compared to Previous Gas-Phase Ex-
periment.

Mode CcCR F12-TZ Prev. Theory

20, T075.6 70747 (5
2uy  4986.7 4985.7 (1
2uy 23308 23347 (4
2u; 20107 20088 (1
2us 15248 15225 (1
26 839.1  864.0 (3)
vi+vs 61748  6170.5 (1
m+vs  AT81.8 47821 (1
v+vy 46371 46338 (1
vi+vs 43942 4390.7 (1
(1
(1
(1
(1
(1
(1
(1
(1
(1
(1

846.269¢

v+  4063.4  4071.3
vo+rg 37216 37214
votvs  3537.0 3533.9
votus  3315.6  3312.2
votvs  2988.3 29974
vs+vy 21787 2179.4
vstvs 19358 1936.2
v3+rg  1612.0 1626.5
V4tV 1768.6 1766.2
vitvg  1448.0  1456.5
vsHrvg 12023 1209.7 (1)

“Previous theoretically-attributed overtone at the CCSD(T)/aug-cc-pV(Q+d)Z level of theory
from. 139

gas-phase experiment,® as seen in Table 2.5: the O—H stretch at 3625.6 cm™! and
the, tentatively assigned, S—H stretch at 2538 cm™!. The present F12-TZ v; funda-
mental of 3626.7 cm ™! compares favorably with the gas-phase value of 3625.6 cm™!.
Both the present work and previous theory compare similarly with the gas-phase 4
fundamental at 2538 cm ™! with the F12-TZ fundamental being 6.9 cm™! higher than
experiment, and previous theory at 4.7 cm™! lower than the experimental value.

In a previous experimental work conducted by Beckers et al.,® the IR spec-
trum of the S—H stretch is investigated and shown to be just above the vy + v3
combination band from the SO5 byproduct from the experiment. Due to the overlap
from this combination band on the lower J branches, the previous work was unable to

confirm the full assignment of this fundamental mode. In 2009, Yurchenko et al.!3
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simulated an IR spectrum for the S—H stretching region, utilizing the TROVE pro-
gram at the aug-cc-pV(Q+d)Z level of theory, to explain perturbations found in the
experimental S—H stretching frequency. The previous simulated spectrum is in good
qualitative agreement with the region around the band center of the S—H stretch-
ing region, but lacks any comparison to the lower or higher frequency bands. The
present study provides a simulated IR spectrum generated through PGOPHER s !4
vibrational spectrum simulation software. In Fig. 2.3, the S—H stretching fundamen-
tal frequency is centered on the previous experiment’s fundamental at 2538 cm~! in
order to compare the overall rovibrational structure from the presently-computed
vibrationally-excited rotational constants provided by the use of the VPT2 method-
ology in this work with that from the previously-reported laboratory spectrum. The
bands align closely with the lower J bands of the previous experimental IR spectrum,
only deviating after the third band. These deviations from higher frequencies can be
attributed to the present work’s rotational constants being lower than experiment

which is expected.
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Figure 2.3: Simulated IR spectrum (black) of the S—H stretch for HOSH with the
gas-phase IR spectrum from® (red) of the same mode containing the contamination
from the (v 4+ v3) combination bands.
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Moving toward detectability, the anharmonic intensities, seen in Table 2.5,
show two relatively high intensity vibrational transitions. HOSH’s most intense
transition is, again, the v torsion at 72 km/mol, while the second is the v, O—H
stretch, fundamental transition at 67 km/mol. Compared to what is considered the
intense transition of the anti-symmetric stretch of water at 70 km/mol, the two afore-
mentioned transitions of HOSH are of similar intensity suggesting these are readily
detectable. An additional benefit of the use of the QFF methods in this work is
their ability to produce not only highly accurate ground vibrational state rotational
constants, but also vibrationally excited rotational constants. The present work in-
troduces such rotational constants for multiple fundamentals that serve to assist in
accurate rovibrational modeling of HOSH as is discussed above for v5. These mod-
els are constructed to support further laboratory analysis or potential astronomical
observation through the use of vibrationally-excited rotational spectroscopy as is
the case for the detection of vibrationally excited states of the SiS'! and CgH 2
molecules observed in IRC+10216.

Similarly to HOOH, current literature discussing the two-quanta vibrational
overtones and combination bands for HOSH is limited. To aid in this regard, the
present work introduces such two-quanta modes for the purpose of benchmarking,
assistance in potential astrophysical detection, and further laboratory analysis, as
seen in in Table 2.6. Comparing to previous literature, a previous theoretical value '3
for the first overtone of the torsional motion, 25 = 846.269 cm™?, is only 7.2 cm ™!
higher the the present work’s CcCR value of 839.1 ecm™!. This further suggests the
reliability of the present theoretical methodology for generating two-quanta bands
for molecules of this type. With regard to the detectability of these two-quanta
transitions, much like in HOOH, the relative intensities are exceptionally lower than

that of the anharmonic vibrational frequencies. The brightest transitions are the
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first overtone of both the O—H stretch and the O—S—H bend at 5 km/mol and
4 km/mol, respectively. Once again, these two-quanta modes fall within the near-
to short-wavelength mid-IR spectrum that the JWST will be able to probe more
efficiently. Thus, the present work provides the necessary benchmark data for the
potential astrophysical detection of HOSH wvia investigation of its overtones and

combination bands.

2.3.3 HSSH

For much the same reason as HOSH, a potential energy scan of the torsion for
HSSH is investigated to probe viability with the current QFF methods. In Fig. 2.2C,
an even deeper potential well for this motion is shown compared to both HOSH and
HOOH. This comparison can be clearly seen in Fig. 2.2C where the torsional PES
scans of all three molecules are given. The trans-barrier height of 2026.6 cm™lis
the highest seen for each of the three molecules investigated in this work and is
considerably higher than the HOOH trans-barrier height of 371.9 ecm~!. That being
said, as with HOSH, the current rovibrational spectrum for this molecule should not
suffer from the inaccuracies in the VPT2 corrections that are a byproduct of the
shallow potential well.

With regard to the rotational constants of HSSH, provided in Table 2.7, con-
siderable agreement is demonstrated in the present study’s F12-TZ B, rotational
constant of 6979.5 MHz being only 9.0 MHz above the gas-phase value, an error of
0.13%. 3 The same agreement is not present for the CcCR method’s value of 7010.6
MHz being nearly 40.0 MHz above previous gas-phase experiment; nevertheless this
difference is only 0.58% in error. With regard to the Cj rotational constant, the
CcCR method produces a value of 6938.1 MHz which is only 30.0 MHz below the
6967.68832 MHz gas-phase constant. The F12-TZ Cy does not fare similarly, how-
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Table 2.7: Geometrical Parameters and Spectroscopic Constants for HSSH Compared
to Previous Gas Phase Experiment.

Units CcCR F12-TZ Prev. Theory Prev. Expt.
re(H-S) A 1.34066 1.34213 1.3395¢ 1.3421¢
re(S-S) A 2.05016 2.05579 2.0503¢ 2.0564¢
/(H-S-S) ° 98.19 98.17 98.18¢ 97.88¢
Te (H-S-S-H) ° 90.63 90.59 90.64¢ 90.34¢
Ae MHz 147873.5 147533.6
Be MHz 7023.8 6986.4
C. MHz 7022.3 6984.9
ro(Hi-S1) A 1.34588 1.34733 1.340 1.327¢
ro(S1-S2) A 2.05883 2.06453 2.082° 2.055¢
£o(H1-S1-S2) ° 98.23 98.21 97.8° 91.33¢
Ag MHz 146754.2 146415.8 146858.1473%
By MHz 7010.6 6979.5 6970.42953%
Co MHz 6938.1 6894.1 6967.68832%
Ay MHz 144632.3 144299.4
B MHz 7016.9 6985.7
C1 MHz 6945.2 6901.1
Ao MHz 149577.8 156292.4
By MHz 7001.9 7029.5
Co MHz 6924.8 6880.8
As MHz 146685.6 146348.2 146799.0779
B3 MHz 6969.5 6938.4 6928.530449
Cs MHz 6898.1 6854.0 6926.679379
Ay MHz 145893.9 145559.8
By MHz 6982.3 6951.3
Cy MHz 6903.0 6859.0
As MHz 144698.0 144365.9 144702.2f
Bs MHz 7016.2 6985.0 6977.638f
Cs MHz 6944.5 6900.5 6975.508f
Ag MHz 146799.1 139393.7
Bg MHz 6980.1 6890.5
Cs MHz 6914.5 6870.6
Aj kHz 5.342 5.295 5.39849¢
Ag MHz 2.268 2.261 2.42355¢
Ajk kHz 85.417 84.400 85.5254%

57 Hz -8.572 -8.395

98K MHz 17.569 20.809

D mHz -1.211 -1.270

L% Hz 103.985 106.134

D Hz 5.649 6.891

D Hz -15.461 -19.644

b; pHz 6.012 5.185

bk Hz 449.754 638.243

w D 1.15 1.30®

99Previous gas-phase ground state rotational constants from. 43

bPrevious theoretical geometry and dipole moment at the CCSD(T)/cc-pVTZ level of theory from. !4
cPrevious experimental structural data from.45

d Previous experimental centrifugal distortion constants from.?
€ Previous theoretical geometrical parameters at the
HF/VnZ(Q,5,6)+fc-CCSD(T)/VnZ(q,5)+CV/CCSD(T)/CVQZ level of theory with full-T,Q corrections and DPT2
corrections from.

fPrevious experimental rotational constants from.
9Previous experimental rotational constants from.

4
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Table 2.8: Vibrational Frequencies (cm™'), and IR intensities (km/mol) given in
parentheses for HSSH Compared to Previous Gas Phase Experiment.

Mode Desc. CcCR F12-TZ Prev. Expt.
wy (a) S, 2680.6 2674.8

wy (a) S3 908.1 907.9

ws (a) S1 529.9 528.0

wy (a) S4 443.7 441.1

ws (b) Ss 2683.1 2677.2

we (b) Se 907.3 907.7

v1 (a) So 2566.3 2563.5 (1) 2555.78%
vy (a) S3 887.2 889.7 (1) 883°

v3 (a) S1 518.2 516.8 (1) 515.92230°
vy (a) Sy 405.8 417.6 (14) 416°

vs (b) Ss 2569.7 2566.2 (1) 2558.64%
ve (b) Se 884.1 886.1 (2) 8867

ZPT 4020.2 4018.1

“Previous gas phase experimental values from. %0
bPrevious gas phase experimental values from. 48

ever, with its computed value being nearly 74.0 MHz lower than that from gas-phase
experiment. As expected, the CcCR method produces a more accurate Cy value
only in error of 0.42%, while the F12-TZ value is in error of roughly 1.1%. Addition-
ally, the current QFF methodology provides the computation of the vibrationally
excited rotational constants that have not been previously investigated possibly of-
fering supplemental data that may be necessary in the potential detection of this
molecule rotationally or rovibrationally in the infrared.

Shown in Table 2.8, exceptional agreement can be seen between the two
present QFF methods for the anharmonic vibrational frequencies of HSSH. The S—S
stretch, fundamental v3, shows the best agreement between the computational values
with F12-TZ’s value of 516.8 cm™! being within 2.0 cm™! of CcCR. All fundamentals
for HSSH are within 4.0 cm ™! between QFF methods, except for the CcCR torsional
motion of v4 being 11.0 cm™! below that of the F12-TZ method. When comparing
to experiment, F12-TZ performs better with the best agreement being the H—S—S

1

anti-symmetric bend, vg, at 886.1 cm™!, being less than 0.2 cm™! above previous
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gas-phase experiment v3.1%0 There is also considerable agreement between the pre-
vious gas-phase experiment’s S—S stretching frequency and that from F12-TZ being

1

within 0.9 cm™" of one another. The same agreement with experiment is not sug-

gested with regard to CcCR as almost every mode differs by more than 10.0 cm™1,
save for the v5 mode with a difference of 2.0 cm~'. The difference between the CcCR
QFF and experiment re-illustrates the high accuracy of the F12-TZ QFF method for
anharmonic fundamental vibrational frequencies molecules of this type.

The anharmonic intensities of the vibrational transitions for HSSH are re-
ported in Table 2.8. While the highest intensity transition, like HOSH, is the torsion,
HSSH has by far the lowest intense of the molecules investigated in this work. HSSH’s
torsional motion has a calculated intensity of 14 km/mol, while it’s second highest
intensity transition is the vg S—S—H bend at 2.0 km/mol. These are glaringly less
intense than HOSH’s 72 km/mol intensity for its v, torsional, transition suggesting
that HSSH is not nearly as observable via IR spectroscopy. Both gas-phase experi-
ment or theoretical study, appears to be lacking with regard to the dipole moment.
For this reason, while the present computed dipole moment of HSSH (1.15 D) is rel-
atively small compared to the other sulfur-analog investigated in this work, it should
nonetheless serve as a basis for potential radioastronomical observation.

Furthermore, the present work introduces calculated two-quanta vibrational
overtones and and combination bands that appear to be missing from current lit-
erature, as seen in Table 2.9. There is previous experimental work!#? for the first
overtone of the torsional motion, 2, = 808.0 cm™!, that is only 3.8 cm™! lower
than the present work’s F12-TZ value. Unlike HOOH and HOSH, HSSH exhibits
no overtone or combination band transitions that have intensities over 1.0 km/mol
potentially reducing its chance of detection through the use of IR spectroscopy and

explaining why sulfur-containing molecules may be underdetected in astrophysical
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Table 2.9: Vibrational Frequencies (cm™'), and IR intensities (km/mol) given in
parentheses for Two-Quanta Bands of HSSH Compared to Previous Gas-Phase Ex-
periment.

Mode CcCR F12-TZ Prev. Expt.

201 5085.8 5080.2 (1)
v, 17625 1766.1 (1)
2vs  1031.8 1029.2 (1)
2u, 7768 811.8 (1)  808.0°

s 50784  5074.3 (1)

2vg 1760.7 1765.1 (1)
vi+re  3447.1  3445.2 (1)
vi+rs 3087.9 3082.9 (1)
vitvy  2977.8  2985.0 (1)
vitrs  5028.9  5025.5 (1)
vitrg  3447.0 3445.9 (1)
Vatvs  1398.6  1399.0 (1)
votvy  1290.7  1306.7 (1)
votvs  3443.0 3442.4 (1)
votvg  1763.5 1767.2 (1)
vs+vy  919.1 930.3 (1)
Vstvs 30843  3080.1 (1)
vs+rg  1398.0 1398.6 (1)
vy+rvs  2973.8  2982.5 (1)
vatrg  1281.3  1298.1 (1)
vs+vg  3444.2  3443.4 (1)

“Previous gas-phase experimentally-attributed overtone from. '3

sources. Nonetheless, the present works introduction of the two-quanta modes pro-
vides reference data for further laboratory benchmarking or potential astrophysical

detection.

2.4 Conclusions

HOSH is the more likely candidate for potential astronomical detection as a
possible sulfur sink in the dense ISM than HSSH. While the vibrational spectrum for
HSSH contains more experimentally observed frequencies, the calculated intensities
of those transitions are markedly lower than that of HOSH including the first over-
tones and combination bands. Each molecule investigated in this work shows the

most intense and lowest energy anharmonic vibrational frequency to be the torsional
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mode. For the investigation of the two sulfur-bearing analogs, the computed anhar-
monic intensities and dipole moments presented in this work shows that the more
intense torsional transition belongs to HOSH at 72 km/mol which noticeably out-
shines HSSH’s torsional transition of a mere 14 km/mol. Additionally, HOSH’s net
dipole moment of 1.60 D is almost 0.5 D greater than HSSH’s 1.15 D further support-
ing HOSH as the more readily detectable sulfur-bearing molecule both rotationally
and in the infrared.

Additionally, the present work has investigated the potential energy wells of
the torsional motion for HOOH, HOSH, and HSSH. HOOH exhibits a relatively flat
potential that diminishes the accuracy of the torsional fundamental as well as the
ground state rotational constants when compared to both experiment and previous
theory. The potential energy scans for HOSH and HSSH, however, show much deeper
potential wells for this torsional motion, and the rovibrational spectra indicates that
these molecules do not suffer from the same inaccuracies in their fundamentals and
rotational constants. To that end, the present work includes not only ground state
rotational constants, but also introduces vibrationally excited rotational constants
for numerous fundamentals for both HOSH and HSSH that should exhibit the same
level of accuracy. Additionally, the present work includes novel two-quanta modes for
HOOH that have yet to be reported in literature and are included for the first time.
This accuracy for the vibrationally-excited rotational constants is demonstrated for
HOSH through their use alongside a previous experimental IR spectrum for the S—H
stretching fundamental® centered at 2538 cm ™! simulates an IR spectrum that aligns
well with previous gas-phase experiment for the lower J values, especially. This semi-
quantitative agreement from the use of the vibrationally excited rotational constants
provided in this work suggests that the rovibrational spectra for HOSH produced via

the present QFF methodology can be trusted to serve as a basis and a benchmark
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for any future comparison to or assignments from gas-phase IR spectroscopy.

The anharmonic fundamental vibrational frequencies, and their intensities,
will be particularly useful for current observatories such as the Stratospheric Obser-
vatory for Infrared Astronomy. With the torsional frequency being the most intense
and the lowest energy transition, the inclusion of the vibrationally excited rotational
constants will be beneficial for detection from spaced-based observatories that will
have the capability for both high-resolution and high sensitivity spectroscopy, no-
tably the recently launched JWST. Similarly, the two-quanta modes introduced in
the present work provide overtones and combination bands for each molecule in-
vestigated in this work, and have been utilized to confirm the assignment of the
precious gas-phase value of 7041.8 cm~! to the vy + v5 combination band. The pro-
vided first overtones and combination bands fall in regions of the IR spectrum that
have been understudied but can now be efficiently probed through the use of JWST,
most notably its NIRSpec instrument. In this regard, the present work provides
the necessary reference data to assist in the astrophysical detection of HOSH and
perhaps HSSH. Finally, the rotational spectroscopic constants provided in this work
will be essential for ground-based radio telescopic observation from facilities such as
the Atacama Large Millimeter/submillimeter Array. Consequently, the investigation
of HOSH and HSSH may provide a clue as to where the molecular sulfur in the dense

ISM has been eluding detection for the past 50 years.
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CHAPTER 3

Fluoro Hydrogen Peroxide: A Plausible Molecular Form of Naturally-Occuring

Fluorine.

Reproduced from Palmer, C. Z.; Fortenberry, R. C.
ACS Earth & Space 2022, 6, 2032-2040. (C) 2022 American Chemical Society
DOI: 10.1021 /acsearthspacechem.2¢00114

Abstract

Fluorine’s hostile nucleosynthetic environment makes it one of the least com-
mon elements, and, consequently, understudied both on the earth and in the inter-
stellar medium (ISM). However, the presence of fluorine-containing species in both
the ISM and in the earth’s atmosphere necessitates the existence of a pathway out
of this environment to form fluorine-containing molecules. To that end, the presence
of fluorine and hydroperoxyl radical (HOz) in either of these environments may lead
to the formation of fluorinated molecules like fluoro hydrogen peroxide (HOOF) on
dust grains of protoplanetary disks in the planet-forming regions of p Oph and in
the earth’s atmosphere as a sink for other fluorine pollutants that have yet to be
detected. This theoretical study utilizes explicitly correlated coupled cluster the-
ory computed with core correlation and corrections from scalar relativity, to provide
the first anharmonic fundamental vibrational frequencies and rotational constants of
HOOF for use as reference benchmarking of any further computational or experimen-
tal study, as well as potential astrophysical observation. The 4 bending frequency
for HOOF at 454.4 cm™! exhibits an anharmonic transition intensity of 78 km/mol,
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while the v, frequency at 738.2 cm™! is 66 km/mol. Additionally, HOOF has a large
net dipole moment of 2.12 D compared to the previously detected HF and HOOH
molecules, 1.82 and 1.85 D respectively, resulting from the electronegativity of the
fluorine. Consequently, HOOF is a likely candidate for possible detection via vibra-
tional and rotational spectroscopy to further the understanding of fluorine’s small,

but important, role in astrochemical and atmospheric environments.

3.1 Introduction

Other than H and He, which make up approximately 99% of the universe, the
eight most abundant elements in the interstellar medium (ISM) are O, C, Ne, N, 151
Mg, 172 S,153 Sj 154 and Fe.'®® However, astrochemically important molecules exist
that are comprised of elements that are far less abundant. Fluorine, for example,
is the 24" most common element in the ISM%!57 and has only been uniquely,
astronomically observed in three chemical species. The first unique observation of
fluorine was its monatomic form toward § Sco region of the ISM in 1981.'%® The first
interstellar fluorine-containing molecule observed was aluminum fluoride (AlF) with
its presence in the ISM confirmed in 1994 towards IRC+10216.'%° Since fluorine is
one of the most reactive elements known, it interacts with the abundant H in the
universe to form the strong bond found in hydrogen fluoride (HF) which was first
observed near Sgr B2 in 1997.1% With the abundance of atomic fluorine in the ISM
being ~ 3.0 x 107! compared to Hy, most gaseous fluorine in the ISM is theorized
to be locked up in the HF molecule. %161 This census, however, does not account for
fluorine that may have been depleted onto interstellar dust grains and may contribute
to the production of further, unique fluorine-containing species. Additionally, while
not necessarily another unique observation, the 26 AIF isotopologue was first observed

8 162

towards CK Vul more recently in 201 The presence of fluorine and a radioactive
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isotope of aluminum implies the unique chemistry present in the region of CK Vul
where such a region could be a vital source of less common astrochemicals.
Mystery still surrounds the formation of molecules containing fluorine in the
ISM due to this element’s relatively low abundance. This low abundance arises from
fluorine nuclei succumbing to annihilation by surrounding H and He atoms almost
as soon as it is created in stellar nucleosynthesis. However, the presence of fluorine-
containing species in the ISM suggests that this highly reactive halogen escapes such
a hostile environment. Fluorine’s nucleosynthesis is the subject of ongoing debate,
but three theories have been proposed that may provide insight as to how fluorine
atoms circumvent this annihilation. The first theory is that a burst of neutrinos from
type II supernovae breakdown 2*Ne atoms stored within a massive star into the stable
YEF atom that are then carried away before collisions with H and He can further break

163,164

them down. The next theory involves the catalytic CNO-cycle that governs the

hydrogen-to-helium fusion reaction yielding helium, neutrinos, fluorine, and gamma-

rays in massive stars like Wolf-Rayet stars. 16°

The last theory involves the re-ignition
of the helium shell in late-stage asymptotic giant branch (AGB) star!® in a process
known as a helium-shell flash. Each of the three theories presented will produce
YEF and blow it away faster than the surrounding He can annihilate it. For this
reason, the detection of more fluorine-containing species in the ISM may provide
the necessary observational data to confirm or improve one of the three theorized
nucleosynthetic processes.

Conveniently, within the planet-forming regions of p Oph A, the hydroper-
oxyl radical, HO,, was first observed in 20127 following the observation of HOOH
in 2011.% The formation pathway of HOOH in this region is believed to be the

successive addition of H atoms onto Oy molecules present on the surface of the dust

grains found in these regions. Similarly, the formation pathway for the HO, radical is
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theorized to be singular addition of an H atom onto O. If a jettisoned monatomic flu-
orine atom depletes onto dust grains in these planet-forming regions, the interaction
between fluorine (instead of the typical hydrogen atom) and HO, radical may lead
to the formation of the understudied fluoro hydrogen peroxide (HOOF) molecule. If
HOOF can be found in the ISM, it may provide the necessary data for investigating
the unknown nucleosynthetic processes of fluorine found in the ISM.

Terrestrially, fluorine is found in many naturally occurring minerals such as
fluorite, fluorapatite, and cryolite. While fluorine’s abundance on Earth is vastly
lower than other elements like oxygen, its presence within these minerals suggests
that some amount must exist in protoplanetary disks. This implies that at least part
of the abundance of fluorine in the ISM has depleted from the gas-phase onto dust
grains found within the ISM. As a result, if a newly generated fluorine nucleus can
escape its demise by any of the previously mentioned proposed pathways, fluorine
atoms would likely reach some planet-forming region. This is especially the case for
the planet-forming regions near § Sco where, as mentioned previously, monatomic
fluorine was first observed in the ISM!%® and other relatively close planet-forming
regions like in the p Oph A stellar complex where fluorine nucleosynthesis may occur.
Thus, the detection of new fluorine-containing species may be found from unique
mechanisms involving fluorine atoms and other molecules found on the surface of
interstellar dust grains.

Within the Earth’s atmosphere, both fluorine-containing species and HO, rad-
ical have been classified as pollutants.?%168 Additionally, the most common form of
fluorine in the atmosphere, chlorofluorocarbons (CFCs), are known to cause degrada-
tion to the ozone layer and trap heat within the atmosphere. Recent studies, however,
show that CFC emission has been steadily decreasing over the years?® while other

forms of fluorine pollutants are still large contributors. HF is a toxic gas that has
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made its way into the atmosphere and still has limited information known about it ¢

insinuating that other fluorinated pollutants may exist that have yet to be classified.
Additionally, HO, is considered a toxic oxidant that is known to generate HOOH in
the Earth’s atmosphere contributing to plant cell damage. Furthermore, the HO,
radical is also known to assist in the production of other toxic gases such as NO,,
SO,, and ClO,,.1%817 If the HO, radical oxidizes fluorinated pollutants, the resulting
interactions may lead to the formation of HOOF in the Earth’s atmosphere. Further-
more, there are forms of peroxides that are known already to contain fluorine here
on the Earth. For example, Bis|trifluoromethyl] peroxide has been historically used
as an etching agent for silicon etching, and sets a precedent for peroxide environ-
ments that contain fluorine readily here on the Earth.!™ If HOOF can be classified
in the Earth’s atmosphere, it may offer another fluorine-containing species that can
be investigated as a possible contributor to pollution present in the atmosphere.

To that end, detecting HOOF in the ISM, the atmosphere, or even in the
laboratory will require rovibrational reference data which are provided herein via
highly-accurate quantum chemical calculations known as quartic force fields (QFF's).
A QFF is a fourth-order Taylor series expansion to the potential portion of the in-
ternuclear Watson Hamiltonian.% QFFs have been used to produce rotational con-
stants and fundamental anharmonic frequencies within 1% of experimental values
for many molecular systems,39:40,76-78,80.97.99-10L,103 The QFFs computed herein are
coupled with high-level quantum chemical electronic structure computations to pro-
vide the set of reference rovibrational spectral data required for potential astro-
physical %8:102172.173 o1 atmospheric detection of these fluorine-containing species as
another unique molecular form of the limited fluorine present in the ISM or the

Earth’s terrestrial veil.
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3.2 Computational Details

The QFF methods implemented in this work are based on coupled cluster
theory at the singles doubles and perturbative triples [CCSD(T)] level.®® The first
method uses the CCSD(T) level of theory within the explicitly correlated F12h%264
formalism along with the cc-pVTZ-F12 basis set.!™1™ This CCSD(T)-F12b/cc-
pVTZ-F12 level of theory (furthermore abbreviated as F12-TZ) has shown to produce
exceptionally accurate fundamental vibrational frequencies at far less computational
cost compared to other QFF methods.!%4195176 The second method utilized in this
work is related to both the highly-accurate and establish composite approach in-
volving a complete basis limit extrapolation and corrections for relativity and core
electron correlation (CcCR) and the F12-TZ level of theory previously mentioned.
Much like the first method, this second QFF method utilizes CCSD(T)-F12b, but
includes core correlation via the cc-pCVTZ-F12 basis set.'” The addition of the
core correlation in the explicitly correlated basis set is an attempt at mimicking

16 and the core

both the corrections to the complete basis set limit extrapolation®
electron correlation!® present in the CcCR composite method.!™ Additionally, the
scalar relativistic corrections!!” present in the CcCR methodology are included in
the second QFF method in this work. With these corrections applied to the F12-TZ
QFF method, this second QFF methodology will henceforth be abbreviated F12-
TZ-cCR.'™ The F12-TZ-cCR QFF method has been shown to find a sweet-spot
between the significantly reduced computational cost of F12-TZ and the accuracy of
CcCR.179:180

Regardless of QFF method, the molecular geometry of HOOF is first opti-
mized with exceptionally tight convergence criteria via the MOLPRO 2020.1 quan-
tum chemical package.%” The F12-TZ QFF optimizes its geometry at the CCSD(T)-

F12b/cc-pVTZ-F12 level of theory, while the F12-TZ-cCR optimizes the geometry
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Figure 3.1: Visual depiction of the optimized structure for HOOF

at the CCSD(T)-F12b/cc-pCVTZ-F12 level. These optimized geometries are then
displaced at 0.005 A for bond lengths and 0.005 radians for bond angles /torsions us-
ing symmetry-internal coordinates via the INTDER™ program. The simple-internal
coordinate system for HOOF requires 1289 points for the QFF and is defined from

the atoms in Fig. 3.1:

S = r(H - 0) (3.1)
Sy = r(O — 0) (3.2)
S = (O — F) (3.3)
Sy = /(H-0-0) (3.4)
S = /(0—0—F) (3.5)
S = FH-0—-0-F). (3.6)

Single-point energy calculations for every displacement are then computed

utilizing both QFF methods. The F12-TZ methodology simply computes the ener-
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gies at the CCSD(T)-F12b/cc-pVTZ-F12 level of theory. The F12-TZ-cCR QFF first
computes these single-point energies at the CCSD(T)-F12b/cc-pCVTZ-F12 level of
theory. Then the Douglas-Kroll scalar relativistic corrections!!” are added by com-
puting the difference in energies at the CCSD(T)/cc-pVTZ-DK level of theory with
said corrections turned either on or off. Once the single-point energy calculations
for either QFF method are finished, their relative energies are fit to the QFF Taylor
series model utilizing a least squares fit procedure to better than 107!7 a.u.?2. The
QFF is then re-fit once again to include the corrections from the computed Hes-
sian that will construct the final equilibrium geometry. The force constants that
are generated from the least-squares re-fitting produce zero-gradients and are trans-
formed into Cartesian coordinates through the INTDER™ program. Finally, the new
Cartesian-based force constants are utilized by SPECTRO® to generate the funda-
mental vibrational frequencies and spectroscopic constants produced by rotational
and vibrational perturbation theory at second-order (VPT2).6%7:118 The produced
spectroscopic constants include the ground state and vibrationally-excited rotational
constants and the quartic and sextic distortion constants, A and ®, respectively, from
the A-reduced Watson Hamiltonian. 57

For the purpose of comparison between the two QFF methods employed in
this work, a mean absolute difference (MAD) formula is used and follows the standard

form:

1y
T= ﬁ;‘xz_?ﬂ (3.7)

For example, when this is applied to the rotational constants, “n” is the total number
of values for a given rotational constant, and “z” and “y” are the F12-TZ and F12-

TZ-cCR values, respectively, for the rotational constant in question. Additionally,
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the mean absolute percent difference (MA%D) is also used and changes the above
formula as follows:

__1 : |Iz_yz|
x—n; — (3.8)

)

The aforementioned formulae have been applied to the rotational constants and
anharmonic vibrational frequencies produced by the QFF methods discussed in this
work.

Additionally, the rovibrational spectra for HOOF contain Fermi resonances
and resonance polyads that are treated by the SPECTRO program to correct the
predictions'!? of the rovibrational spectra. The spectrum for HOOF contains a
2us=V5 + V3=V5 + V4=V + V3=V and a 2v5=215=1g + V5=13 Fermi resonance polyad.
Further, dipole moments for HOOF are computed using the F12-TZ QFF method.
Anharmonic infrared intensities are calculated using the Gaussian16'?* quantum
chemical package at the MP2/cc-pVDZ level of theory.®! The values at this level of
theory have been shown to yield semi-quantitative agreement with higher at levels

t,121,122,181,182 Thage transition intensities are

of theory for less computational cos
proportional to the change in the dipole moment at a particular vibrational frequency,
i.e. the greater the change in the dipole moment from a given vibrational transition,

the greater the intensity of that transition.

3.3 Results and Discussion

3.3.1 Spectroscopic Data & Astrophysical/Atmospheric Implications

As mentioned previously, HOOF is an understudied fluorine-containing species
that has little, if any, previous experimental or theoretical data. Therefore, the com-

puted spectroscopic constants and fundamental anharmonic vibrational frequencies
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Table 3.1: Geometrical Parameters and Spectroscopic Constants for HOOF.

Units F12-TZ F12-TZ-cCR F12-TZ-cCR*
Re(H-O1) X 0.96940 0.96864 0.96864
Re(01-02) A 1.37112 1.36969 1.36969
Re(OQ-F) A 1.46187 1.46121 1.46121
Ze(H—Ol—O—Q) © 102.68 102.71 102.71
£e(01-05-F) o 105.42 105.43 105.43
Te(H—Ol—OQ—F) ° 84.70 84.71 84.71
Ae MHz 55485.9 55586.3 55586.3
Be MHz 10775.1 10788.6 10788.6
Ce MHz 9293.9 9306.2 9306.2
Ro(H-0O1) A 0.96715 0.96638 0.96638
Ro(01-02) A 1.38059 1.37917 1.37918
Ro(02-F) A 1.46887 1.46820 1.46818
Lo(H-01-0-2) ° 102.87 102.90 102.90
£0(01-0O2-F) ° 105.40 105.42 105.41
Ap MHz 55250.2 55350.3 55352.4
Bo MHz 10687.6 10700.9 10700.8
Co MHz 9199.3 9211.5 9211.5
Ay MHz 55122.6 55222.5 55224.4
B MHz 10678.3 10691.5 10691.3
Ch MHz 9197.7 9209.8 9209.7
Ao MHz 55177.3 55276.6 55276.2
Ba MHz 10659.5 10672.9 10672.5
Ca MHz 9185.9 9198.1 9197.8
As MHz 55014.1 55112.8 55115.1
Bs MHz 10640.0 10653.3 10653.3
Cs MHz 9177.2 9189.3 9189.5
Ay MHz 54915.5 55016.3 55017.4
By MHz 10615.4 10628.7 10628.7
Cy MHz 9111.5 9123.6 9123.6
As MHz 55188.5 55289.2 55299.0
Bs MHz 10692.1 10705.3 10705.8
Cs MHz 9180.6 9192.7 9193.4
Ag MHz 55612.4 55712.0 55714.0
Bs MHz 10664.6 10677.9 10677.5
Cs MHz 9154.0 9166.1 9165.9
Ay kHz 14.947 15.000 15.001
Ag MHz 1.286 1.291 1.291
Ajk kHz -56.703 -56.715 -56.670
o kHz 2.923 2.931 2.931
O kHz 47.784 47.993 47.987
(o4 mHz 15.791 15.820 15.746
Dy Hz 99.638 100.288 100.190
DK mHz 119.945 121.794 125.587
Py Hz -15.277 -15.368 -15.368
@ mHz 9.527 9.557 9.516
bt mHz -45.417 -45.680 -46.407
b Hz 14.904 15.007 15.016
fha D 1.75
s D 0.45
e D 1.35
Hnet D 2.12

*Geometrical parameters and spectroscopic constants computed using the F12-TZ-cCR QFF method but utilizing
a looser energy convergence threshold for the geometry optimization.
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for HOOF in this work provide the necessary reference benchmark data for potential
astrophysical and atmospheric observation and laboratory analysis. To that end, the
spectroscopic data computed from QFF methods are given in Tables 3.1 and 3.2. For
the rotational constants, found in Table 3.1, there is a general trend when comparing
the two QFF methods utilized in this work. For example, the vibrationally-averaged
B rotational constants for F12-TZ-cCR are higher than the F12-TZ values by a MAD
of 13.3 MHZ. Similarly, the vibrationally-averaged C' rotational constants for F12-
TZ-cCR are higher than the F12-TZ QFF with a MAD of 12.2 MHz. Regardless of
the trend, both the B and C rotational constants agree exceptionally well between
the two QFF methods with the MAD between them being well within the accepted
20 MHz difference for comparison of these rotational constants to experiment. %7677
This systematic trend is not unexpected, however, as the biggest difference between
the two QFF methods are the scalar relativistic corrections since the core correlation
matters most when the molecule in question has a bond order grater than one, which
is not the case for HOOF. Regardless, the differences between the two QFF methods
are meant to improve the rovibrational data collected from the F12-TZ QFF method.
In fact, previous studies*'® utilizing the F12-TZ-cCR QFF report that the rota-
tional constants generated contain, on average, less error when compared to previous
gas-phase experiment than that of either F12-TZ or CcCR QFFs. Therefore, the ro-
tational constants introduced in this work via the F12-TZ-cCR QFF methodology
will provide the necessary data for benchmarking, laboratory analysis, and potential
atmospheric or astrophysical detection via rotational spectroscopy.

The fundamental anharmonic vibrational frequencies of HOOF produced by
the two QFF methods utilized in this work are introduced in Table 3.2 with a visual
description of each mode given in Fig. 3.2. The vibrational frequencies compare well

between F12-TZ and F12-TZ-cCR with the worst comparison being the v; mode,
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Table 3.2: Vibrational Frequencies (cm™') and IR intensities (km/mol) given in
parentheses for HOOF.

Mode Desc. F12-TZ F12-TZ-cCR  F12-TZ-cCR*
w1 St 3710.1 3711.7 3711.6
wo S4 1463.1 1464.4 1464.4
w3 0.83S5+0.0953-0.07Ss  979.0 979.4 979.3
Wy 0.72S3-0.16S2-0.11S5 759.9 759.7 759.72
ws 0.79S¢-0.14S5-0.07S3 543.5 543.5 543.3
we 0.68S5+0.20S¢+0.11S3  465.7 465.8 465.8
2 Sy 3508.8 (31) 3510.6 3509.0
Vs Sy 1420.5 (42) 1421.7 1423.0
V3 0.8352+0.0953-0.07S;  938.2 (27) 938.7 954.9
vy 0.72S3-0.1655-0.11S5 738.2 (66) 738.2 723.4
vs 0.79S¢-0.14S5-0.07S3 516.6 (27) 517.0 578.5
Ve 0.68554+0.20S6+0.11S3  454.5 (78) 454.8 433.3

7ZPT 3899.7 3901.5 3910.3
%Vibrational frequencies computed using the F12-TZ-cCR QFF method but utilizing a looser
energy convergence threshold for the geometry optimization.

the O-H stretch, at only a difference of 1.8 cm™! or 0.05%. The best comparison,
however, is the v, mode, the O-F stretch, having almost no difference. Addition-
ally, the MAD for the anharmonic fundamental vibrational frequencies is 0.7 cm™!
with a MA%D of a mere 0.06%. Furthermore, fundamental vibrational frequencies

generated from the F12-TZ methodology in previous studies 04 106,178,183

suggest ex-
ceedingly high accuracy for comparison to previous experiments. However, much like
the rotational constants, previous theoretical work*!180 utilizing the new F12-TZ-
cCR QFF methods show almost as, if not more, accurate fundamentals than F12-T7Z
when compared to previous gas-phase experimental studies. The high accuracy ex-
hibited by both QFF methods in previous studies further suggests their validity
for application in generating highly accurate vibrational frequencies for a molecule
such as HOOF. Finally, with both QFF methods exhibiting low differences between
produced spectroscopic data, the provided fundamental frequencies can serve as the
reference data for any further benchmarking whether theoretical, experimental, at-

mospheric classification, or astrophysical observation via IR spectroscopy.

Regarding the detectability, the anharmonic intensities of HOOF, given in
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Figure 3.2: Visual depiction of the motions for each vibrational mode.

Table 3.2, show two relatively large vibrational intensities. The most intense vi-
brational transition is found in vg, the O-O-F bend at 454.5 cm™', and exhibits a
vibrational transition of 78 km/mol. Comparing this transition to the O-H anti-
symmetric stretch of water at 70 km/mol, which is considered to be an intense
vibrational transition, suggests that this mode should be detectable even with the
assumed lower abundances of the fluorine-containing molecule. Additionally, v4, the
O-F stretch at 738.2 cm™! exhibits a transition of 66 km/mol. This is only slightly
under the 70 km/mol transition of water but should still be considered relatively
intense in terms of observation via IR spectroscopy for organic molecules or those
comprised of second-row atoms. Also, HOOF possesses a large net dipole 2.12 D
which is noticeably large compared to the dipole moment of water at 1.85 D and
even hydrogen peroxide at 1.82 D more than likely due to the presence of the flu-
orine atom. For this reason, the computed net dipole moment for HOOF reported
herein should be considered large enough to warrant potential radioastronomical
observation or atmospheric microwave spectroscopy.

In order to assess the viability and persistence of the HOOF molecule for
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potential astronomical or atmospheric observation, the bond strengths of the HOOF

are computed in this work, in kcal/mol, at the F12-TZ level and given in the following

scheme:

HO - + - OF — HOOF
H-+2A" - OOF — HOOF
HOO - + - F — HOOF
HO - +-OH — HOOH
FO - 4 - OF — FOOF

F-+24" - OOF — FOOF

= —44.96

= —69.21

= —31.53

= —48.09

= —44.02

= —17.20.

Table 3.3: F12-TZ fundamental anharmonic vibrational frequencies (cm™!) with IR
intensities (km/mol) given in parentheses and dipole moments for HOOF, HOOH,

and HOSH.

Mode HOOF HOOH® HOSH®
w1 3710.1 3798.5 3819.6
Wo 1463.1 1437.6 2656.1
w3 979.0 911.3 1211.0
w4 759.9 380.4 1032.8
wWs 543.5 3798.4 784.7
We 465.7 1330.1 479.6
1 35088 (31) 36075 (11)  3626.7 (67)
vy 14205 (42) 1393.9 (1)  2544.9 (8)
vs 9382 (27)  875.3 (1) 1176.7 (36)
vy 7382 (66) 319.4 (164)  1008.3 (2)
vs 5166 (27)  3605.2 (49)  763.4 (47)
ve 4545 (78) 12759 (119) 447.4 (72)

ZPT  3899.7 5730.6 4920.2
e L.75 1.41
u  0.45 0.76
fe  1.35 0.05

finer  2.12 1.75 1.60

%Previous theoretical values for the vibrational frequencies and dipole moments from Ref. 184

Comparing the O—O bond strength in HOOF to the previously computed ¥

O—0 bond strength of HOOH, first observed in the ISM in 20119 shows good agree-
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ment with a difference of only 3.0 kcal/mol, suggesting this bond will persist after
formation. The O—F bond strength, however, is much weaker at -31.53 kcal/mol
which is a 30% difference from the O—O bond strength of HOOH calling into ques-
tion its persistence. However, when compared to FoOs, a previously-characterized
molecular fluorine-containing peroxide species, '8 the O—0O bond strength is within
1.0 kecal/mol of HOOF’s O—O bond strength suggesting that it may still persist.
Furthermore, the O—F bond strength of HOOF is -31.53 kcal/mol is 14 kcal/mol
stronger than the O—F bond in F20O, at -17.20 kcal/mol. Consequently, HOOF
should persist long enough for potential astrophysical and atmospheric detection.
Additionally, a comparison of the vibrational frequencies and dipole moments
between HOOF and other peroxides such as HOOH and the theorized hydrogen
thioperoxide (HOSH) molecule are given in Table 3.3. The data for both HOOH and
HOSH come from a previous theoretical study!®* that also utilizes the F12-TZ QFF
method to compute accurate vibrational frequencies. HOOH exhibits more intense
vibrational transitions than either HOSH and HOOF with HOOH’s largest being the
torsional motion, v4 at 164 km/mol and its second largest being the anti-symmetric
H—0O-0 bend, v, at 119 km/mol. HOSH and HOOF do not contain any transitions
that are as intense as HOOH. However their two most intense vibrational transitions
are fairly similar in magnitude suggesting they are both as detectable as the other
with regard to IR spectroscopy. To the dipole moments, HOOF contains the largest
net dipole moment of either HOOH and HOSH at 2.12 D. This is not unexpected
given the greater electronegativity of the fluorine atom compared to either sulfur or
oxygen further suggesting its assistance in potential radioastronomical observation

in the ISM or atmospheric detection via rotational spectroscopy.
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3.3.2 Theoretical Implications

One of the major improvements introduced through the F12-TZ-cCR method
is the significant reduction in the time needed to produce the spectroscopic data
when compared to previously used composite methods like CcCR. In an effort to
save even more computational time, the convergence threshold that governs at what
point the geometry optimization via MOLPRO has reached the lowest energy has
been reduced from the standard 107'? E;, to 10® E;. The resulting spectroscopic
data produced from this “loose F12-TZ-cCR” (i.e. that with 107® E; convergence)
QFF can also be seen in Tables 3.1 and 3.2. With regard to the rotational constants
seen in Table 3.1, the loose F12-TZ-cCR QFF shows only minor discrepancies. For
example, the loose F12-TZ-cCR Aj rotational constant shows the largest difference
of 9.8 MHz, less than 0.03%, while multiple other rotational constants show almost
no difference at all when compared to the same rotational constants from the F12-
TZ-cCR QFF with the tight energy convergence threshold. The total time saved
from using the loose F12-TZ-cCR compared to the tight F12-TZ-cCR QFF method
is approximately 148 hours, a reduction of 27.5%, and it introduces negligible error
in the rotational constants. Consequently, loose F12-TZ-cCR QFF is a time-saving,
alternative QFF method that produces rotational data that is just as accurate as its
more time-costly partner.

This is not the case, however, with regard to the fundamental vibrational
frequencies. As shown in Table 3.2, the fundamentals produced from the loose F12-
TZ-cCR show considerable difference compared to the F12-TZ-cCR and F12-TZ
fundamentals. The worst comparison between the loose F12-TZ-cCR and F12-TZ
is the torsional motion, vs at 578.5 cm™!, being nearly 62 cm~' higher than the
F12-TZ value of 516.6 cm™!, an error of 12%. The v5 anharmonic frequency also

exhibits a positive anharmonicity highlighting that the underlying potential surface
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Table 3.4: Vibrational Frequencies (cm™!) with corrections relative to F12-TZ paren-
theses for HOOF.

Mode Desc. F12-TZ F12-TZ-cCR AR AcC F12-TZ-cCR* AR% AcC®
w1 St 3710.1  3711.7 —4.8 +6.3 3711.6 —4.8 +46.3
wo Sy 1463.1 1464.4 —1.0 +2.4 1464.4 —-1.0 +42.0
w3z 0.83S95+0.0953-0.07S5s  979.0 979.4 —2.1 +2.4 979.3 -2.1 424
wy  0.7253-0.1655-0.11S5  759.9 759.7 —1.0 +0.8 759.72 —-1.0 +40.5
ws  0.79S¢-0.14S5-0.07S3  543.5 543.5 —-0.9 +0.9 543.3 -0.9 +40.6
wg  0.68S5+0.20S6+0.11S3 465.7  465.8 —1.3 +1.4 465.8 -1.3 +1.2
S 3508.8 3510.6 —-3.0 +5.9 3509.0 —-7.0 +46.4
Vs Sy 1420.5 1421.7 —1.4 +2.6 1423.0 +9.6 +9.3
vs  0.8355+0.0953-0.07S5  938.2 938.7 —1.8 +2.4 954.9 +24.1 +20.8
vy 0.7253-0.165S,-0.11S5  738.2 738.2 —0.6 +0.9 7234 -54 —12.5
vs  0.79S4-0.14S5-0.07S3  516.6 517.0 —1.0 +1.4 5785 —35.6 +95.9
vg  0.68S5+0.20S6+0.11S3 454.5 454.8 —1.0 +1.4 433.3 -3.6 -—11.6
ZPT 3899.7 3901.5 —4.9 +7.2 3910.3 —16.6 +27.8

%Vibrational frequencies from lowered energy convergence threshold QFF.

is not even properly described with the loose convergence criteria. In fact, only two
vibrational frequencies produced by the loose F12-TZ-cCR are less than 1.0% in
error: the O-H stretch, v, and the H-O-O bend, v,. Overall, the MA%D for the
fundamentals from the loose F12-TZ-cCR QFF is 3.4% when comparing to the F12-
TZ QFF. While there is considerable time saved from using the loose F12-TZ-cCR
QFF compared to the tight F12-TZ-cCR QFF, the degradation in the fundamental
vibrational frequencies by such a large margin of error does not suggest its feasibility
for investigating vibrational molecular spectra.

In order to investigate this behavior, QFFs are conducted piecewise utilizing
the loose convergence criteria with either the scalar relativistic or the core correla-
tion corrections removed. This data has been provided in Table 3.4 with corrections
relative to F12-TZ QFF values. One obvious conclusion from these loose F12-TZ-
cCR piecewise QFFs is that the contributions from the core correlation corrections
radically overshoots the 5 torsional mode. The scalar relativistic corrections for-
tuitously corrects for this but still is not enough to bring the frequencies within an

acceptable margin of error. Consequently, the MA%D for the additions of only core
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correlation is 4.3%, while the scalar relativistic corrections produce a 2% MA%D.
The greater likely error introduced from just the inclusion of the core correlation
over the scalar relativity is not unexpected as scalar relativistic corrections are gen-
erally more important for larger atoms and would, therefore, have less impact on
the fundamentals for second-row atoms. Regardless, the large error introduced from
the loose F12-TZ-cCR QFF method, again, seems infeasible for benchmarking the
fundamental vibrational frequencies of any subsequent theoretical or experimental

study.

3.4 Conclusions

The low margin of difference exhibited in the rovibrational spectroscopic data
of HOOF between the accurate, well documented F12-TZ QFF and the relatively
new F12-TZ-cCR QFF suggest that the data provided herein are accurate and reli-
able. Additionally, based on previous studies utilizing the F12-TZ-cCR QFF method,
any discrepancies between it and the F12-TZ QFF method may suggest that F12-
TZ-cCR’s computed rotational constants and vibrational frequencies are more ac-
curate. Additionally, with no previous theoretical or experimental data provided in
the literature, the present rovibrational spectrum for HOOF provides novel reference
benchmark data that can be be used in future benchmarking studies and possible
astrophysical and atmospheric classification.

For the investigation of HOOF, the computed anharmonic intensities and net
dipole moment presented herein show that two frequencies exhibit relatively large
vibrational transition intensities. The largest intensity at 78 km/mol belongs to the
O-O-F bend while the next largest is the O-F stretch at 66 km/mol. Even though
the O-F stretch is not as intense of a transition as the O-O-F bend, the 68 km/mol

transition is still intense enough to be a notable characteristic of its IR spectrum.
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This is further suggested when comparing HOOF to HOSH and HOOH. While the
most intense frequencies for HOOF are not nearly as intense as HOOH, they are
slightly more intense than HOSH. Furthermore, both the O-O-F bend at 738.2 cm ™!
and the O-F stretch at 454.4 cm™! fall within the >12 pm region of the IR that are
typically not hindered by the unidentified infrared bands dominated by the spectral
features of polycyclic aromatic hydrocarbons. Additionally, HOOF has a larger net
dipole moment of 2.12 D compared to the lower dipole moments of HOOH and
HOSH, 1.75 D and 1.60 D, respectively, suggesting that HOOF is a viable candidate
for microwave spectroscopic observation in the Earth’s atmosphere and in the ISM.

In an effort to produce less costly QFFs, the lowered geometrical optimized
energy convergence F12-TZ-cCR QFF investigated in this work provides further
time savings than the boasted time-savings of its tighter energy convergence F12-
TZ-cCR counterpart. While the loose F12-TZ-cCR shows excellent agreement with
the tight F12-TZ-cCR in terms of the rotational constants, the extreme reduction
in the accuracy of the fundamentals suggests that utilizing the loose F12-TZ-cCR
QFF would be unwise for the analysis of the full rovibrational spectra. To that end,
using the poor accuracy in the rovibrational spectroscopic data that utilizes lowered
convergence criteria provides more evidence as to why higher convergence criteria
are needed in quantum chemical calculations in order to achieve the accuracy nec-
essary for a full comparison of the rovibrational spectra to other theoretical work or
laboratory analysis. However, if only the rotational constants are desired for bench-
marking or potential radioastronomical observation, then the loose F12-TZ-cCR can
likely be recommended. Thus, further theoretical work on new QFF methods that
may offer further time-savings is necessary in order to produce QFFs that provide
highly-accurate full rovibrational spectra for further benchmarking, and potential

astrophysical and atmospheric detection.
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The reported rotational spectroscopic data provided in this work will be fun-
damental for ground-based radiotelescopic observatories such as the Atacama Large
Millimeter/submillimeter Array. Also, the regions of the IR spectrum that the bright-
est transitions fall in can now be more effectively probed with the recent launch of
the James Webb Space Telescope. Additionally, the reported spectral data herein will
be useful for current observatories such as the Stratospheric Observatory for Infrared
Astronomy. Hence, the investigation of HOOF may provide the evidence to confirm
any of the proposed nucleosynthetic processes that have been suggested, as well as
uncovering more unique fluorine-containing species as of yet detected in the ISM.
Additionally, highly-oxidizing pollutants, like HO4 radical, and fluorine-containing
species in the earth’s atmosphere may be progenitors for HOOF or, perhaps, vis
versa. With the classification of HOOF in the earth’s atmosphere, more pathways of
formation for fluorine-containing pollutants may be elucidated in an effort to further
characterize the roll they may play in atmospheric change. Consequently, HOOF is
a plausible, and worthwhile, fluorine-containing candidate for atmospheric and as-
tronomical detection to classify possible fluorine-containing pollutants in the Earth’s

atmosphere and to make clear the still unknown properties of fluorine in the ISM.
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CHAPTER 4

Reaction Pathway and Rovibrational Analysis of Aluminum Nitride Species as

Potential Dust Grain Nucleation Agents.

Reproduced from Palmer, C. Z.; Fortenberry, R. C.
Astrophys. J. 2024, 962, 148, with the permission of AAS Publishing.
DOI:10.3847/1538-4357 /ad182e

Abstract

A dust nucleating agent may be present in interstellar or circumstellar media
that has gone seemingly undetected and unstudied for decades. Some analyses of
the Murchison CM2 meteorite suggest that at least some of the aluminum present
within condensed as aluminum nitrides instead of the long studied, but heretofore
undetected suite of aluminum oxides. The present theoretical study utilizes explicitly
correlated coupled cluster theory and density functional theory to provide a path-
way of formation from alane (AlH3) and ammonia to the cyclic structure, AloNoHy
which has the proper Al/N ratio expected of bulk aluminum nitrides. Novel rovi-
brational spectroscopic constants are computed for alane and the first two formed
structures, AINHg and AINH,4, along the reaction pathway for use as reference in
possible laboratory or observational studies. The g bending frequency for AINHg at
755.7 cm™! (13.23 pm) presents a vibrational transition intensity of 515 km mol™!,
slightly more intense than the anti-symmetric C—O stretch of carbon dioxide, and

contains a dipole moment of 5.40 D, which is ~ 3x larger than that of water. Thus,
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the present reaction pathway and rovibrational spectroscopic analysis may poten-
tially assist in the astrophysical detection of novel, inorganic species which may be

indicative of larger dust grain nucleation.

4.1 Introduction

Previous study*? of the Murchison CM2 chondritic meteorite seems to suggest
the aluminum present within condensed as a form of aluminum nitride rather than
the more commonly assumed aluminum oxides. However, aluminum nitride clusters
must compete with these aluminum oxides during dust grain nucleation and further
formation. Alumina (Al,O3) is a common aluminum oxide that has been theorized
as a major contributor to both bulk aluminum oxides and their use in dust grain
nucleation and formation in the interstellar medium (ISM) and in circumstellar me-
dia (CSM).'8618 One of the most commonly attributed spectral features for bulk

alumina’s Al—O vibrational stretching and bending motions is seen at 13 pm. 8190

187,190 attribute emission features at 11, 20, 28, and

Additionally, previous studies
32 pm to the same carrier as the 13 pum feature. Despite this, monomeric forms of
aluminum oxides like AloO3 have yet to be detected as their formation seems to be
unfavorable due to many pathways hindered by endothermicities. 89191192 Further,
bulk-phase aluminum oxides exhibit high condensation temperatures that lead to
reaction timescales that are too rapid to adequetly detect such clusters.®® The pres-
ence of Al,O3 in chondritic meteorite studies suggests its existence in these stellar
environments; without astronomical detection, though, their potential role in dust
grain nucleation to formation cannot be confirmed. ¥4 Thus, an investigation into
an alternative Al-containing species that may not condense on timescales as quickly

as Al;O3 is warranted to elucidate long-sought-after dust formation pathways con-

taining Al that have eluded astrochemists and astrophysicists to date.
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While Al condensates show high refractory character,® not all of its forms,
in CSM, condense into large bulk solids early in stellar evolution and evade detection.
Within the circumstellar envelope of IRC+10216, amongst other oxygen-rich sources,
two Al-halide species have been observed in the form of AICI and AlF.1!59:196-198
These Al-halides have also been observed within circumstellar envelopes with C/O
~ 1.19 While these have been observed closer to the star, upon their ejection to
the cooler regions of the stellar envelope, they are thought to deplete onto dust
grains eluding any further detection. However, this is not the case for AINC, which
has been detected in larger concentrations within the cooler regions of the envelope
and under the condensation temperature of the elusive Al,O3 molecule and other
aluminum oxide clusters.?"? The presence of the Al-halides and AINC suggests that
Al-containing species are not solely locked up into aluminum oxide clusters or grains.
Thus, O-deficient, Al-containing species can be formed within the warmer regions
of the stellar envelope and persist long enough in the cooler, outer circumstellar
dust clouds before depositing or aggregating and disappearing from rovibrational
detection.

Additionally, a radioisotope of Al, 26Al, was identified in its fluorinated form,
2 AIF, near the stellar merger of CK Vulpus.!%? 26AlF is believed to have been intro-
duced into the surrounding stellar region during the collision of the binary system yet
persisted on a timescale long enough for detection.?°! Much like the elusive Al,Os,
both the stable 2”Al and an extinct form of 2°Al, which later decayed into the Mg
isotope based on isotopic abundance studies, were found within the Murchison CM2
chondritic meteorite. An investigation of the ratio of 26A1/27Al suggests that the
26 Al present is in larger abundance in at least this meteorite compared to the ratio
in the solar system at large. In any case, the presence of an aluminum nitride system

within Murchison CM2 is suggested wvia a comparison of the SiC abundance and
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CN~/C~ ratio and the Al and N present within. Such a correlation suggests that
the Al in the meteorite condensed not as some form of aluminum oxide, like Al,Os3,
but rather as some form of aluminum nitride system.*® As discussed previously, the
Al—N moiety is not unheard of in CSM from the presence of AINC. Previous compu-
tational studies have calculated an A1—N bond strength of —105.0 kcal mol~*, which
is stronger than the bond strength of the N—C bond at —77.8 kcal mol~*.292 This
larger bond strength of the AI—N bond, relative to the N—C bond in AINC, suggests
the stability of AI—N bonds in CSM and the ISM.

The study of the Murchison CM2 meteorite implies that the aluminum nitride
systems present within play a key role in the nucleation of the graphite that composes
the bulk of the carbonaceous material within the meteor by catalyzing the graphite’s
inhibited nucleation.*3203204 With that, these new Al-containing species may be
instrumental for the nucleation of aggregated material onto other solar system bodies,
such as comets, asteroids, and other meteors. That being said, these conclusions
justify an investigation into the presence of unreported aluminum nitride molecular
systems in CSM and the ISM that may potentially assist in elucidating the processes
of how Al-bearing species get from the gas phase into their bulk solid-phase dust
grain counterparts.

As aluminum nitride systems have not been characterized in any stellar envi-
ronment, no gas-phase observational or experimental spectroscopic data are available
to begin the search for such species. Thus, the present quantum chemical study pro-
vides reference data for a proposed pathway of formation from the aluminum hydride,
alane, (AlH3) and ammonia (NHj) into the first cyclic species along said pathway.
Regardless of the AIH3 molecule’s lack of interstellar detection, the present study
utilizes AlH3 as the main source of aluminum given its simplicity as a metal hydride

and its closed-shell configuration. The AIH3; molecule is used in place of the more
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205
d,

simple, and previously detecte aluminum mono-hydride (AlH) as previous com-

putational studies suggest that access to more hydrogen atoms assists the progress

206,207 The rovibrational spectroscopic data herein will be

of the reaction pathway.
instrumental in supporting the currently available spectroscopic telescopes and ob-
servational technologies like the James Webb Space Telescope (JWST) for its effi-
ciency in probing the near- to mid-IR spectrum with its Near-Infrared Spectrograph
(NIRSpec) and Mid-Infrared Instrument (MIRI) instruments. Where available, the
provided rotational data will assist microwave spectroscopic observatories like the
Atacama Large Millimeter/sub-millimeter Array (ALMA). To that end, the rovi-
brational spectroscopic analysis provided should aid in the potential astrophysical
identification of aluminum nitride species that have yet to be characterized and may

contribute to the dust grain nucleation and formation processes present in CSM and

the ISM.

4.2 Computational Methods

4.2.1 Reaction Mechanism Methods

Unless otherwise stated, all geometry optimizations, single-point energy (SPE)
computations, and zero-point vibrational energy corrections for the reactants, inter-
mediates, and products of the aluminum nitride reaction pathway are conducted

utilizing coupled cluster theory at the singles, doubles, and perturbative triples level

[CCSD(T)].5829%:209 For an additional gain in accuracy, the CCSD(T) level of theory

62,64 along with its corre-

is corrected within the explicitly correlated F12b formalism
sponding cc-pVTZ-F12 basis set. 1717 The aforementioned level of theory will hence-
forth be abbreviated as “F12-TZ.” Geometry optimization and harmonic frequency

computations for all transition states along the pathway are conducted with the

B3LYP density functional?'%?!! along with the aug-cc-pVTZ correlation consistent
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Dunning basis set.?!? After the transition states are optimized at the B3LYP /aug-cc-
pVTZ level of theory, single-point energy computations are computed at the F12-TZ

1,213 and are subsequently corrected with B3LYP /aug-cc-pVTZ zero-point vibra-

leve
tional energies (ZPVEs). All minima along the reaction pathway are computed via
the MOLPRO 2022.2 suite of quantum chemical packages.'%” Finally, all transition

state computations on the pathway are conducted via GAUSSIAN16.120

4.2.2 Rovibrational Spectroscopic Methods

The highly accurate rovibrational spectroscopic constants are computed uti-
lizing the quartic force field (QFF) approach. A QFF is a fourth-order Taylor series
expansion of the potential energy portion of the internuclear Watson Hamiltonian.%
QFF's as employed herein have been able to produce rovibrational spectroscopic con-
stants within 1% of experimental values for many molecular systems, 3%-40,76-78,80,97,99-101,103
F12-T7Z has been shown to produce accurate fundamental vibrational frequencies and
rotational constants at far less computational cost compared to other QFF meth-
ods. 104:106,176,214.215° A qditionally, the QFF implemented in this work is conducted
within the recently developed automated PBQFF framework.” The PBQFF pro-
cedure begins with a geometry optimzation utilizing MOLPRO1 at the F12-TZ
level of theory with tight convergence criteria. From there, the optimized Cartesian
geometry is displaced by 0.005 A respective of bond lengths or angles, to mimic a
QFF but is truncated to the second-order yielding a Cartesian harmonic force field.
SPE computations for every displacement are computed and used to generate a har-
monic force constant (FC) matrix. The normal coordinates are then extracted from
the resulting mass-weighted Hessian matrix for the given molecular species. The

optimized molecular geometry is then displaced along these normal coordinates to

compute the rest of the semi-diagonal QFF, and SPE computations are performed
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at each normal coordinate displacement.

Once the SPE computations are finished, the final normal FCs are com-
puted directly utlizing a finite differences procedure. The normal coordinate FCs
are then passed to a second-order vibrational and rotational perturbation theory
(VPT2)67775118 glgorithm within the PBQFF framework itself. From this, the har-
monic frequencies, fundamental anharmonic vibrational frequencies, vibrationally-
averaged rotational constants, singly-vibrationally-excited rotational constants, quar-
tic distortion constants, and sextic distortion constants are produced. Additionally,
if present in the analysis, the type-1 and -2 Fermi resonances and Coriolis resonances
are taken into account as it has been shown to increase the accuracy of the computed
rovibrational spectroscopic constants. %216 To further assist in potential astrophys-
ical detection, dipole moments for AINHg and AINH, are computed at the F12-TZ
level within MOLPRO 2022.2.197 Finally, double-harmonic infrared intensities com-
puted using GAUSSIAN16'% at the MP2/cc-pVDZ4%5! level of theory are included
to assist in the detection of these species in the infrared (IR). Computed intensities
at this level of theory have been show to produce semi-quantitative agreement with
higher levels of theory for far less computational costs. 121:122:182

In addition to IR intensities, absorption cross sections, o, are given for all
applicable vibrational frequencies. The absorption cross sections are derived utilizing
the formula in EQ. 4.1, where "N,” is Avogadro’s number, and ”¢” is the molar
absorption coefficient.

In(10) x 103

U:TXE (41)

The molar absorption coefficients for each vibrational frequency are computed

7

following the formula in EQ. 4.2,%!7 where "1;z” is the IR intensity computed above

and "w” is the resolving power of the given observing telescope.
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Table 4.1: Symbol definitions and chemical formulae for the species in the present
reaction pathway.

Symbol ‘ Definition ‘ Chemical Formula
Ry Reactant 1 AlH;
R» Reactant 2 NH;
I, Intermediate 1 AINHg
TS, Transition State 1 AINHg
P Product 1 AINH,
N—-I, Nitrogen Intermediate 2 AINoH,
Al—I, Aluminum Intermediate 2 Al,NH,
N—TS, | Nitrogen Transition State 2 AINoH~,
Al-TSs | Aluminum Transition State 2 Al,NH,
N—-P, Nitrogen Product 2 AINyHj5
Al—-P, | Aluminum Product 2 Al;NHj
N—I3 Nitrogen Intermediate 3 Al;N,oHg
Al—I5 Aluminum Intermediate 3 Al;N,oHg
N—TS3 | Nitrogen Transition State 3 Al,NoHg
Al—TS;3 | Aluminum Transition State 3 Al,NoHg
N—P; Nitrogen Product 3 Al,NyHg
N—TS, | Nitrogen Transition State 4 Al,NyHg
Al—P3; | Aluminum Product 3 AlLNoHg
N-P, Nitrogen Product 4 AlyNoHg
Al-TS,s | Aluminum Transition State 4 AlyNoHg
N—TS5 | Nitrogen Transition State 5 Al,NyHg
Al-P, | Aluminum Product 4 Al,NoHy
N—Ps Nitrogen Product 5 Al,NoHy
€ = 27.648 x % (4.2)

The resolution, ”"R,” of the NIRSpec and MIRI on the JWST, at their respec-
tive operating wavelengths, are provided and are trivially converted to the resolving

power in EQ. 4.3.2122
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Figure 4.1: Reaction coordinate diagram from AlH3; and NH3 to N— and Al—Ps.
The arrowed lines indicate isomerization, the circular lines indicate Hy departure, the
starred lines indicate NHs3 addition, and the squared lines indicate AlH3; addition.
Relative energies are in kcal mol™!. White atoms indicate H, blue atoms indicate
nitrogen, and grey beige indicate Al.

4.3 Results and Discussion

4.3.1 Reaction Pathway Analysis

The reaction coordinate profile shown in Figs. 4.1 and 4.2 along with their cor-
responding equilibrium geometries, and definitions and chemical formulae in Table
4.1, shows the continual addition of equivalents of AIH; and NH3. Additions of AlH;
and NHj3 produce progressively larger datively-bonded structures but contain an ini-
tially raised transition barrier from I; to the P;. In order for the reaction to progress
to larger aluminum nitride systems, I; must overcome the aforementioned barriered
TS, that sits 1.9 kcal mol~! higher than the reactants and lose an H, molecule to

form P;. This is in stark contrast with previous computed reaction schemes!8%206

on
AlH3 and water that produce aluminum oxides with submerged barriers of forma-
tion. These barrierless formation most likely govern the short timescales of leading

to the underdetection of a suitable carrier of the Al1—O features, like Al,O3 in CSM

or the ISM. Regardless, overcoming this barrier requires sufficiently high temper-
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Figure 4.2: The continued reaction coordinate diagram from N— and Al—P, to
cyclic-AlsNoHy,. The arrowed lines indicate isomerization, the circular lines indicate
H, departure, the starred lines indicate NH3 addition, and the squared lines indicate
AlHj3 addition. Relative energies are in kcal mol™'. White atoms indicate H, blue
atoms indicate nitrogen, and grey beige indicate Al.

atures, ~960 K, in the aluminum nitride species’ formation environment from the
surrounding stellar environments to begin forming larger clusters.

Obviously, the cold, diffuse ISM at ~10—40 K is not a likely region for the
formation of Py to occur. However, as stated earlier, the previous work on Murchison
CM2%3 suggests that the theorized aluminum nitride systems present in the meteorite
may have nucleated the meteorite’s dust grain formation. If this is the case, then the
aluminum nitride system would have been formed in some region warm enough for
its own production and for dust grain formation to occur. The warm environments
of inner protoplanetary disks can achieve a range of temperatures anywhere from
500—1500 K2*¥ and contain ample material for molecular synthesis to begin that
may potentially lead to seeding and nucleating processes of dust grain formation.
Additionally, highly evolved asymptotic giant branch (AGB) stars are known to
exhibit much higher temperatures within 1—2 stellar radii at 2000—3000 K compared
to the warm inner protoplanetary disks.?'® AGB stars also contribute considerable
dust forming material to their surrounding environment, and the ISM at large, given
the stars substantial mass-loss rates.??%?2! If a region of CSM or the ISM contains

sufficient temperatures and has the necessary material, the proper conditions toward
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formation the aluminum nitride species along the reaction pathway proposed herein
will be satisfied. Once these aluminum nitrides have been formed, they may likely
go on to contribute to dust grain nucleation and formation as suggested in the study
of the Murchison CM2 meteorite.

Once the transitional barrier, shown in Fig. 4.1, is overcome there will be
enough latent energy within the system to further progress through the now relatively
submerged pathway of formation. Thus, the reaction pathway is no longer nearly
as limited by the surrounding temperature and can further condense into larger and
larger dust grains in both the warmer and cooler regions of the CSM or ISM. In any
case, from the Py structure, additions of AIH3 or NH3 lead to either the N—I5 or the
Al—I, structure. The addition of the AlH3 leads to a lower energy cyclic structure
with a three-center two-electron bond commonly seen in trivalent species containing
an empty p-orbital like aluminum and boron.??? Upon the loss of the Hy molecule,
seen in the N/Al-TS, species, both pathways lead to their respective products (Ps)
of similar structure. Interestingly, if an equivalent of AlH3 is added to N—Ps, it
stabilizes into N—I3, which is structurally similar to Al-I, with a three-center two-
electron bond. The extra stability of the three-center two-electron bond in N—Ij
yields the lowest energy structure of the present reaction pathway. While N—I3 is
the lowest energy structure, the reaction pathway should still progress further not
only due to the energy from the ambient temperature of its formation environments
but also from collision with other molecular citizens present within the same regions.

Further departure of an Hy molecule from (N or Al)—I3 yields the cyclic
Al—P3 structure, whereas N—Pj3 is an open chain structure. The open-chain N—P5
structure must overcome a torsional barrier before it becomes the cyclic N—P,. At
this point along the pathway, the paths of additions of AIH3 and NHj3 converge to

the same structure. After a final loss of and Hs molecule in A1-TS; and N—TS5, the
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proposed reaction pathway concludes with the final cyclic structure of Al—P, and
N—P5 (Al;NyHy). This Al,NoHy species may then go on to form larger aluminum
nitride clusters that potentially contribute to the nucleation and formation of dust
grains in the universe. Given that the above reaction pathway contains no carbon-
or oxygen-containing species, the present reaction pathway may contribute to the
aluminum dust grain nucleation pathways in regions where the C/O ratio is ~ 1.
However, in oxygen-rich environments it may compete with the aluminum-oxygen
pathways described in previous studies. 18187189 This may not be the case for carbon-
dominated environments, C/O > 1, given the lack of oxygen and the aluminum-
carbon motif has yet to be characterized in CSM or the ISM in any form other than
AINC. Therefore, the reaction pathway investigated in this work may assist in the
potential detection of aluminum-containing dust grain nucleation species that that

have gone undetected, and understudied, in the literature for decades.

4.3.2 Rovibrational Spectroscopic Analysis

As stated previously, some of the aluminum nitride systems investigated in
this work have little-to-no previous experimental or observational data of any type.
Therefore, the computed rovibrational spectroscopic constants for Ry (AlH3), I
(AINHg), and P; (AINH4) as shown in Fig. 4.1 reported herein are reference data
necessary for laboratory analysis and potential astrophysical detection. Presently,
AlH3 and AINH,4 have Ar matrix spectroscopic data in the literature, and AINHy
and AINHg have had previous theoretical studies conducted. Several of the previous
theoretical studies??32% for AINH, and AINHg only provide an analysis of the har-
monic frequencies and their structural character. However, The work herein provides
anharmonic vibrational frequencies and rotational spectroscopic constants at a more

rigorous level of theory.
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Table 4.2: Rotational Constants for AlH3, AINH,, and AINHg

Consts.  Units AlHj3 AINH,; AINHg4

A, MHz 133833.5 95478.0 49434.0
B. MHz 133833.5 13074.1  9048.5
C. MHz  66916.7 11499.5 9048.4
Ao MHz 132407.6 95063.3 49154.6
By MHz 132407.6 13015.9 8916.2
Co MHz 660344 11430.3 8916.4
A MHz 131376.9 94810.8  49090.3
B MHz 1313769 12994.8 8913.7
C MHz  65518.7 114124  8913.9
A, MHz 131652.0 94636.1 49025.6
B, MHz 131652.0 12999.7 8914.2
Cs MHz  66346.6 11411.6 8914.4
A, MHz 131457.8 04432.1 48865.1
B MHz 131457.8 13009.1  8920.6
Cs MHz 65043.4 114184  8920.8
Ay MHz 132824.6 942144 48926.0
By MHz 132824.6 13012.7 8922.5
Cy MHz  66244.7 114155 8922.7
As MHz 95436.9  49035.0
Bs MHz 13034.2  8927.4
Cs MHz 11420.7  8927.6
Ag MHz 95225.2  49144.2
Be MHz 12981.5  8881.5
Cs MHz 11369.6  8881.7
A; MHz 95582.8  49064.1
B, MHz 13017.0  8918.3
Cy MHz 114415  8918.5
Ag MHz 97565.1  49309.6
Bs MHz 13052.9  8904.7
Cs MHz 11398.1  8904.9
Ag MHz 93906.6 49191.6
By MHz 12981.2  8878.7
Co MHz 11444.4  8878.9
Aig MHz 94707.4  49146.8
Bio MHz 12977.0  8807.8
Cho MHz 11433.0  8808.0
Ap MHz 93227.5 49487.3
Bi MHz 12975.5  8900.9
Ci MHz 11429.1  8901.0
A MHz 96185.7 49145.0
Bis MHz 13038.4  8875.0
Cho MHz 11430.9  8875.3
7 D 0.0 1.08 5.40
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Table 4.3: Quartic and sextic distortion constants in the Watson A-reduced Hamil-

tonian for AINH, and AINHg

Table 4.4: Quartic and sextic distortion constants in the Watson S-reduced Hamil-

Const. AINH,4 AINHg
Ay 12.151 (kHz) 16.330 (kHz)
Ak 1.630 (MHz) 76.397 (kHz)
Ajg  192.297 (kHz) 55.756 (kHz)
5y 1.621 (kHz)  149.664 (mHz)
Sk 140.576 (kHz)  —36.525 (kHz)
d, 2.955 (mHz) —33.349 (mHz)
3% 122,517 (Hz)  —188.055 (Hz)
(bJK 2.261 ( Z) —79.589 ( )
Dy s —9.071 (Hz) 268.269 (Hz)
b; 2.638 (mHz) 18.738 (uHz)
Pjk 1.188 (Hz) —9.396 (Hz)
b 81.816 (Hz)  —57.226 (MH)

tonian for AIH3z, AINH,4, and AINHg

Const. AlHs AINH, AINH,
D, 6.338 (MHz)  11.486 (kHz) 16.330 (kHz)
Dyx  —11.275 (MHz)  196.288 (kHz) 55.756 (kHz)
Dk 5.287 (MHz)  1.627 (MHz) 76.397 (klz)
dy ~31.927 (Hz)  —1.621 (kHz) —149.664 (mHz)
ds 158.915 (Hz) —332.607 (Hz) 8.511 (mHz)
H, 885.237 (Hz) —3.890 (mHz)  —33.344 (mHz)
Hyx 3292 (kHz) 862.837 (mHz)  374.006 (mHz)
Hy, 3.939 (kHz)  —4.307 (Hz) 1.725 (Hz)
Hy ~1.530 (kHz)  119.158 (Hz) ~1.474 (Hz)
ha 93100 (mHz)  1.787 (mHz) 93.397 (uHz)
ha —34.752 (mHz) 3.422 (mHz) —2.245 (uHz)
hs —52.810 (Hz) 851.524 (uHz) —4.658 (uHz)
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Table 4.5: Vibrational frequencies (cm™!), IR Intensities (km mol™') with absorption
cross sections in parentheses (107! ¢cm?), and wavelength (um) for D3, AlH;

Mode  Symm. Desc. Harm.  Anharm. f (o) A Expt.@
" A AIH Stretch 1951.4 18907 0(0) 5.29

Vo Ay OPB 710.5 707.8 387 (200) 14.13 697.8
V3 E' Anti-sym. AlH Stretch  1955.7 1889.7 251 (40) 5.29  1882.8
V4 E’ HAIH Anti-sym. Bend 798.6 789.1 234 (100) 12.67 783.4
ZPT 4052.6

2Experimental Ar matrix FTIR spectroscopy.?

In order to provide a full rovibrational profile for the aluminum nitride species
investigated herein, the equilibrium, vibrationally averaged, and vibrationally excited
rotational constants are reported in Table 4.2. Also, the quartic and sextic distortion
constants from the A- and S-reduced Watson Hamiltonians are given in Tables 4.3
and 4.4, respectively. Additionally, the formation pathways to larger aluminum
nitride species assume the presence of AlH3 in the same regions. As AlH3 has not
yet been observed in CSM or the ISM, perhaps a consequence of its rapid reaction
with ammonia or water, the present study also provides the reference data for this
species for completeness. To that end, the vibrational profile for AIH3, AINHg, and
AINH, are given in Tables 4.5, 4.6, and 4.7, respectively.

As stated above, previous Ar matrix spectroscopic data? exists for AlH; and
characterizes three of the four vibrational frequencies available, shown in Table 4.5.
The out-of-plane bending mode, v5, differs the furthest from experiment at 10 cm™!
or 1.4%. The closest to experiment is vy, the H—Al—H anti-symmetric bending
motion, differing by 5.7 ecm™! or 0.7%. While the F12-TZ anharmonic vibrational
frequencies exhibit relatively large differences compared to experiment, it should be
noted that Ar matrix spectroscopy is known to cause a shift in the true vibrational
frequency.?2% Thus, most of the discrepancy between the current high-level quan-
tum chemical computations and experiment should be attributed to the Ar matrix

shifts. Further, previous computational studies of Al-containing species utilizing the
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F12-TZ methodology have produced vibrational frequencies within 0.4% of the gas-
phase experimental value.??” Given the higher-order, D3, symmetry exhibited by
AlH3 the permanent dipole of this molecule is zero, thus rendering it undetectable
via rotational spectroscopy. For this reason, the anharmonic vibrational frequencies
computed in this work are even more crucial for potential spaced-based IR spectro-
scopic telescopes.

Further, AlH3 exhibits very intense vibrational transitions with the v, out-of-
plane bend being the most intense at 387 km mol~!. Compared to the anti-symmetric
stretch of H,O at 70 km mol~! and CO, at ~475 km mol~!, which are both considered
to be intense transitions, the present v; intensity should be considered intense enough
for detection via IR spectroscopy even at low concentrations. Additionally, the other
vibrational fundamentals of AlH3; with intensities of 251 and 234 km mol~! are also
substantially greater than the aforementioned stretches in water and carbon dioxide.
Looking at the spectral profile, vy sits at 12.67 pm putting it around the 13 pm
spectral feature that is typically used as an identifier for Al,O3. While this does
not really question Al,O3’s presence based on this spectral feature, it does posit the
existence of another carrier of said spectral feature in CSM or the ISM that may
be attributed to the present aluminum nitride system. Nevertheless, the computed
vibrational data herein should be especially important for the detection of AIH3 that
would be supportive for confirming the reaction pathway of formation proposed in
this work and from previous computational reaction pathways.206:207

The first intermediate, AINHg, exhibits the most notable vibrational tran-
sition intensities of the two formed structures studied herein, shown in Table 4.6.
AINHg’s vg frequency, the H—Al—N symmetric bending motion, at 515 km mol~lis
30 km mol~! larger than the CO, motion mentioned above. Further, AINHg vy, v,

and v; exhibit transition intensities of 331, 135, and 271 km mol™!, respectively.
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Table 4.6: Vibrational frequencies (cm™!), IR intensities (km mol~!) with absorption
cross sections in parentheses (107! ¢cm?), and wavelength (um) for Cz, AINHg

Mode Symm. Desc. Harm. Anharm. f (o) A
121 E NH Stretch 3588.9 3411.8 45 (5) 2.93
12 Ay Sym. NH Stretch 3468.8 33224 16 (2) 3.01
V3 Ay Sym. AlH Stretch 1885.7 1819.2 36 (6) 5.50
vy E AlH Stretch 1865.1 1800.4 331 (50) 5.55
Vs E NH2 Rocking 1665.3 1624.4 19 (3) 6.16
V6 Ay HNAI Sym. Bend 1269.0 1207.8 135 (30) 8.28
vy E HAIN Rocking 790.8 779.1 271 (100) 12.84
Vg Ay HAIN Sym. Bend 773.9 755.7 515 (200) 13.23
vy E OPB 706.8 666.1 15 (10) 15.01
V10 Ay AIN Stretch 426.4 389.3 11 (20) 25.69
V11 E OPB 372.6 352.2 2 (-) 28.40
V12 Ay Torsion 1194 21.4 1(-) 467.29
ZPT 12724.7

While AINHg exhibits multiple intense vibrational transitions, due to the nature of
its synthesis, it may be a short-lived species as it will likely progress to AINH, or
regress back to the reactants. However, even with a relatively small concentration,
its intense transitions may still be seen in the IR. Rotationally, AINHg also exhibits
the largest permanent dipole moment of the three molecules studied, at 5.40 D. Com-
pared to the previously detected??® AIOH molecule with a permanent dipole of 1.11
D,?2" AINHg may be a suitable candidate for potential radioastronomical observa-
tion, but may be limited by shorter lifetimes as discussed above. Regardless, like
AlHj3, AINHg also exhibits spectral features in and around the 13 um dust feature as
well as the associated 11, 20 and 28 pum. Namely, the aformentioned vy frequency,
with the 515 km mol~! intensity, sits directly at 13.23 pm, as shown in Table 4.6.
It should be noted that the mid- to far-IR regions where these features are located
are dominated by larger dust grains than present potential grain nucleating species.
Regardless, a laboratory and observational study of AINHg is warranted utilizing the
novel reference data provided herein in order to assist in the astrophysical detection

of the first intermediate along an alternative pathway for formation for dust grains
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in CSM or the ISM.

Table 4.7: Vibrational frequencies (cm™!), IR intensities (km mol~!) with absorption
cross sections in parentheses (107'* cm?), and wavelength (um) for Cq, AINH,

Mode Symm. Desc. Harm. Anharm. f (o) A Prev.*/®
v by Anti-symm. NH stretch ~ 3673.6 34959  27(3) 2.86 ~/3496.8
Vo ay Symm. NH Stretch 3582.7 3421.5 31 (4) 292 3499.7/3421.7
vs by Anti-symm. AlH stretch  1961.2 18953 257 (40) 5.28 1899.3/1895.5
vy ay Symm. AIH Stretch 1957.5 1893.5 81 (10) 5.28 1891.0/1894.7
Vs ay Symm. HNAI stretch 1582.0 1552.1 28 (5) 6.44 1541.6/1552.7
Vg a1 AIN stretch 836.9 822.5 217 (90) 12.16 818.7/822.7
vy ay Symm HAIN stretch 757.2 747.1 51 (20) 13.39  755.0/747.9
Vg bo Anti-symm. HNAI stretch ~ 732.6 7175 145 (90) 13.94  769.8/715.9
Vg by Al OPB 614.4 606.0 165 (100) 16.50 608.7/611.3
V19 as Anti-symm. Torsion 495.0 469.5 0 (0) 21.30 —/465.8
V11 by N OPB 448.9 442.9 236 (300) 22.58 518.3/426.1
V19 by Anti-symm. HAIN stretch  426.0 422.8 19 (30) 23.65 /4314
ZPT 8427.6

@ Previous Ar matrix attributions.3

b Previous F12-TZ anharmonic vibrational data.1™

The AINH, molecule has both previous Ar matrix spectroscopic data® and
theoretical vibrational frequency computations.'™ The previous vibrational frequency
studies are computed at the F12-TZ level of theory much like the rovibrational spec-
troscopic data provided herein. While the present computational study utilizes a
normal coordinate system to compute the QFF procedure, the previous study uti-
lizes a symmetry internal coordinate system that is comparable to the present normal
coordinate system. Any deviation between the two methods should be considered
an effect of the difference between the construction of the two coordinate systems.
In any case, while, AINHg contains more intense vibration transitions, AINH, still
exhibits exceptionally intense transitions. Shown in Table 4.7, the AINH, molecule’s
most intense transition is its anti-symmetric Al1—H stretching motion, vz, of 257
km mol~!. Like AINHg, AINH, also contains multiple intense vibrational transi-
tions such as vg, vg, vy, and vq; at 217, 145, 165, and 236 km mol !, respectively.

Again, while most of the these transitions are less intense than AINHg, the above
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intensities are still relatively intense suggesting AINH, is a strong candidate for po-
tential astrophysical detection utilizing IR spectroscopy. Additionally, this species
may be longer-lived in its formation environment in CSM making it an even stronger
candidate for astronomical observational detection, perhaps, than AINHg itself.

In terms of its dipole moment, the AINH, molecule’s is much smaller at 1.08
D. While AINH4 can still be observed rotationally given a high enough column den-
sity, with such a small dipole moment AINH, may be better suited for detection via
high resolution IR spectroscopy which can be achieved via the JWST. Also, AINH,4
contains multiple spectral features that fall in or around the 13 ym feature and other
associated spectral lines. Specifically, v; and vg have wavelengths at 13.39 and 13.94
pm, respectively, shown in Table 4.7. Again, this suggests that more than Al,O3 or
the other associated suspected carriers exhibit this spectral feature, but this does
suggest that species containing aluminum may contribute to the features more than
initially observed or speculated. To that end, the novel vibrational spectroscopic data
provided herein are necessary for further laboratory and possible astronomical ob-
servational investigations into the proposed formation pathway that will potentially

assist in characterizing another potential player in dust grain formation.

4.4 Conclusions

The reaction pathway of AlH3 and NHj3 leads to the formation of larger alu-
minum nitride molecular systems. This pathway must first overcome a barrier of
1.9 kecal mol™' which is fully achievable in high temperature environments (~1000
K) such as warmer inner protoplanetary disks and circumstellar envelopes of AGB
stars, but not necessary to begin the process of formation. The rest of the pathway is
submerged compared to the reactants and is available given the latent energy present

in the molecular system. The final step of the presently studied pathway involves the
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formation of a four-membered cyclic ring that is also the only step on the pathway
to have a submerged product over its preceding intermediate. Even so, the present
reaction pathway provides a novel, potential formation mechanism for Al-bearing
dust grains containing nitrogen as suggested in the studies of the Murchison CM2
chondritic meteorite and gives a hint at where such nucleation can take place in
protoplanetary disks.

The AINH,4 molecule investigated herein is the most likely candidate for po-
tential astronomical observation via current rovibrational spectroscopic technologies
in order to support this proposed reaction pathway. AINH, contains multiple vi-
brational transitions with exceptionally large intensities, notably the 1895.3 cm™!
frequency with the 257 km mol™! intensity and the 442.9 cm™! frequency with the
236 km mol~! intensity. While AINH, has a smaller dipole moment of 1.08 D, if
there is sufficient column density, this species should still be observable utilizing
current radioastronomical telescopes. The rovibrational analysis of AINHg suggests
that the most intense vibrational transition studied here is the 515 km mol~! in-
tensity corresponding to the 755.7 cm™! frequency. Additionally, the 5.40 D dipole
moment feature calculated is the largest of the three studied. However, given the
AINHg molecule’s likely shorter timescales within the reaction pathway, it may not
be a suitable candidate for rovibrational detection in CSM or the ISM. The AlH;
molecule also exhibits exceptionally intense vibrational transitions, especially the
707.8 cm~! frequency with an intensity of 387 km mol~!. Like the AINHg molecule,
the AIH3 molecule may react too quickly, with ammonia, water, or other circumstel-
lar or interstellar denizens before it can be detected. However, the spectral features
give it a strong chance of observation with JWST. That being said, while all three
species contain strong IR features and some strong rotational features, AINH,; may

be the most likely candidate for potential astronomical observation.
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The three Al-containing molecules studied in the present work contain vi-
brational frequencies that fall in or around the 13 pum spectral feature attributed
to Al—O class of molecules. Additionally, the computed vibrational profile shows
the presence of vibrational frequencies at the associated 11, 20, and 28 um carrier
features. The spectral features found in the present Al-containing species imply that
dust containing some form of aluminum oxide may not be the only source of the 13
pm dust feature, and the aluminum nitride species studied herein may provide other
alternative answers to the question of the origins of such features. These computed
vibrational analyses warrant further laboratory, theoretical, and observational inves-
tigations into the present reaction profile and other, higher-order aluminum nitride
clusters. These investigations will assist in the search for Al-containing species that
may be present in CSM and the ISM, but have been uncharacterized and understud-

ied in the present literature.
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CHAPTER 5

Computing Accurate Rovibrational Spectral Data for Relevant Aluminum-bearing

Species in Interstellar and Atmospheric Chemistry

Reprinted with permission from Palmer, C. Z.; Firth, R. A. ; Fortenberry, R. C.
J. Comp. Chem. 2024, 46, 25524. (C) 2024 John Wiley and Sons
DOI: 10.1002/jce.27524

Abstract

The difficulty of quantum chemically computing vibrational, rotational, and
rovibrational reference data via quartic force fields (QFFs) for molecules contain-
ing aluminum appears to be alleviated herein using a hybrid approach based upon
CCSD(T)-F12b/cc-pCVTZ further corrected for conventional CCSD(T) scalar rela-
tivity within the harmonic terms and simple CCSD(T)-F12b/cc-pVTZ for the cubic
and quartic terms: the F12-TcCR+TZ QFF. Aluminum containing molecules are
theorized to participate in significant chemical processes in both the Earth’s upper
atmosphere as well as within circumstellar and interstellar media. However, exper-
imental data for the identification of these molecules are limited, showcasing the
potential for quantum chemistry to contribute significant amounts of spectral refer-
ence data. Unfortunately, current methods for the computation of rovibrational
spectral data have been shown previously to exhibit large errors for aluminum-
containing molecules. In this work, ten different methods are benchmarked to deter-
mine a method to produce experimentally-accurate rovibrational data for theorized
aluminum species. Of the benchmarked methods, the explicitly correlated, hybrid
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F12-TcCR+TZ QFF consistently produces the most accurate results with respect
to both gas-phase and Ar-matrix experimental data. This method combines the
accuracy of the composite F12-TcCR energies along with the numerical stability of
non-composite anharmonic terms where the non-rigid nature of aluminum bonding

can be sufficiently treated.

5.1 Introduction

Aluminum (Al) and its constituent species have long been hypothesized as

27,28,229

a major contributor to the chemistry of Earth’s upper atmosphere as well

as, differently, dust grain formation in interstellar and circumstellar media. #6189 To
date, only one chemical substance containing Al has been identified in the Earth’s

9 and

atmosphere, the AlT atomic cation.?3® However, previous thermodynamic??
kinetic?3! studies suggest that Al in the atmosphere may exist in some form of alu-
minum oxide material before rapidly reacting to form other unobserved molecular
compounds. Beyond the Earth’s atmosphere, only five unique Al-containing species

have been observed in interstellar or circumstellar media: AIF and AlCI, 196198232

AINC,2% AlO,?33 and AIOH.?2® However, these have yet to shed light onto the the-
orized dust grain formation pathways within astronomical regions like circumstellar
envelopes that may contribute material to protoplanetary disks.186:195,234,235

The relatively few observations of Al-bearing molecules in either environment
may result from a lack of appreciable data, whether experimental or theoretical,
in the current literature.* Thus, the ability to compute rovibrational spectral data
for novel Al-bearing chemical species is imperative to assist in potential astrophys-
ical, atmospheric, and laboratory studies and observations. Modern computational

quantum chemical techniques can compute rovibrational spectral data to a high-

level of accuracy employing the quartic force field (QFF)% in conjunction with vi-
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brational perturbation theory at second order (VPT2).6777 A QFF is a fourth-
order Taylor series expansion of the potential portion of the internuclear Watson
Hamiltonian. The QFF procedure has been used historically to predict rovibrational
spectral data to within 1% or better of experimental values for many molecular sys-
tems. 39,76-78,80.97.99-101,103 Phoyeh many levels of theory have been benchmarked in
tandem with the QFF procedure®421% on diverse sets of molecular systems, few,
if any, forms of molecular Al have been included. Thus, previously benchmarked
levels of theory may not accurately model the potential energy surface (PES) for
prediction of rovibrational spectral data of molecular Al for both atmospheric and
extraterrestrial applications.

In fact, a well-known issue in the QFF procedure is the improper treatment

122,184,236-238

of PESs of large-amplitude motions associated with flat potential wells

Y

leading to “Hoppy” modes. Even though these “floppy” modes are more evident in
weaker interactions, they have been observed in molecules that exhibit high bond
strengths within sets of bond angles, such as Al1-O and Al-N bonds.?’? Previous
computational studies on the “floppy” AIOH and OAIOH molecules??" and [Al, N,
O,] complexes?® suggest that this behavior with QFF procedures fails to compute
accurate rovibrational data of bending modes for these Al systems when compared
to gas-phase experiment. While some of this failure may be due to the nature of the
QFF procedure, % as is the case for AIOH and OAIOH, some contribution to the error
exhibited by “floppy” molecules may also stem from the choice of the level of theory
and how such a level may influence the resulting QFF. As stated previously, little to
no previous benchmarking papers have investigated the efficacy for various levels of
theory for Al-containing molecules presenting an immediate gap in the literature.

That being said, the work herein benchmarks different levels of theory across a

subset of Al-bearing molecules exhibiting common bonding motifs found in interstel-
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Figure 5.1: Optimized geometries for the molecules studied: (A) AlH, (B) AlO, (C)
AlO;, (D) AlOg, (E) AlHs, (F) AINH,, (G) HAIO,, and (H) AIH,OH. Al (grey), O
(red), N (blue), and H (white).

lar and circumstellar media as well as the Earth’s atmosphere. Notably these include
Al—H, Al-0, and AI—N bonds. Figure 5.1 displays the optimized geometries for the
nine molecules in the present test set; Figure 5.1B depicts both the AlO and AlO~
geometries. Where available, gas-phase experimental and Ar matrix data are used
as a comparison to verify a given level of theory. Thus, the present study may yield
new understanding for various levels of theory that should be instrumental in pro-
viding accurate rovibrational spectral data as a reference for potential astrophysical
and atmospheric observation as well as further laboratory studies. The vibrational
data computed herein may assist current infrared (IR) spectroscopic telescopes like
JWST for interstellar and circumstellar observation in addition to terrestrial missions
such as the CALIPSO satellite for probing the IR spectrum of Earth’s atmosphere.
Additionally, the included rotational data may be utilized by ground-based rota-
tional spectroscopic telescopes like ALMA for interstellar observations and the Aqua

satellite for Earth’s atmosphere, respectively.
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Table 5.1: Levels of theory computing accurate rovibrational spectral data for the
Al-bearing species investigated in this work

Method Basis Set Ref. Abbrev.
CCSD(T) aug-cc-pVTZ 212,240 aTZ
aug-cc-pCVTZ 241,242 aCTZ
aug-cc-pwCVTZ 241,242 awCTZ
CCSD(T)-F12b  cc-pVTZ-F12 174,175 F12-TZ
cc-pVTZ-F12 + “cc-pVTZ-DK 174,175,243,244 F12-TZR
cc-pCVTZ-F12 245 F12-TcC
cc-pCVTZ-F12 + %cc-pVTZ-DK 243-245 F12-TcCR
(cc-pCVTZ-F12 + %*cc-pVTZ-DK) + cc-pVTZ-F12 174,175,243,244  F12-TcCR + TZ
Al, cc-pVTZ-F12 & cc-pCVTZ-F12 174,175,245 Split basis TcC

Al, cc-pVTZ-F12 & cc-pCVTZ-F12 + *cc-pVTZ-DK 174,175,243,244  Split basis TcCR

“Douglas-Kroll scalar relativistic basis sets are used in conjunction with conventional CCSD(T).

5.2 Computational Methods

The levels of theory utilized in the present QFF work are given in Table 5.1
along with their abbreviations and references. Additionally, all levels of theory
employed herein are based on coupled cluster theory at the singles, doubles, and
perturbative triples level [CCSD(T)].5%2082% However, conventional CCSD(T) com-
putations are known to converge slowly to the complete basis set (CBS) limit,%
which is most notable in the previously used and well-documented CcCR composite
method.4%246 In order to speed up the convergence to the CBS limit, a majority of
the CCSD(T) methods are further corrected within the explicitly-correlated F12b
formalism.%%%* The CCSD(T)-F12b methodology is shown to converge to the CBS
limit more quickly and provide similar higher-order accuracies for smaller basis sets
when compared to gas-phase experiment. 10%-106,183,214,247

As a portion of the QFF methods in the present work are based on compos-
ite energies, the equations for their energy computations are provided for the sake
of completeness. The first composite method listed in Table 5.1 is the F12-TZR
level. This level is a composite of the F12-TZ energy with the addition of Douglas-

117,243,244

Kroll scalar relativistic corrections with the relativity Hamiltonian toggled
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on (Epg,) and off (Epk).

Erzr = Epo-r7z + AR (5.1)

Ar = Epkr — Epx (5.2)

The next composite method is the F12-TcCR method and exchanges the cc-pV'TZ-

F12 basis set for the explicit core correlation cc-pCVTZ-F12 basis set?#?

along with
the aforementioned scalar relativistic corrections. The composite energy definition
is defined as:

Eris_1eccr = Eee—povrz—ri2 + Ag. (5.3)

The “Split basis” TcCR and TcC levels of theory are related to Eq. 5.3, but do
not include the core-electron correlation in the basis set for only the Al atoms in
the system. In the case of Split basis TcC, the Douglas-Kroll scalar relativistic
corrections are also removed. The Split basis levels of theory are defined as follows

in the following equations:

ESplit Basis TcCR — Ewcc—pVTZ—F12(A1)—&—cc—pC’VTZ—F12(N7 O, or H) + AR (54)

Esplit Basis TeC = FeepVTZ— F12(Al)+cc—pCVTZ—F12(N, O, or H)- (5.5)

Regardless of the level of theory, the QFFs in this work are implemented
via the “push-button quartic force field” (PBQFF) framework.” The QFF proce-
dure begins with the geometry of each Al molecule being optimized in MOLPRO
2023.2107:248.249 at each level of theory specified above. For open-shell molecules, the
restricted open-shell Hartree-Fock program is utilized as the reference followed by
the unrestricted program of the aforementioned levels theory. The Cartesian coordi-

nates of the optimized geometry is then displaced by 0.005 A for bond lengths. These
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displacements mimic a QFF but truncate the expansion at second-order yielding a
Cartesian harmonic force field (HFF). Each displacement then undergoes a single-
point energy (SPE) computation and is subsequently used to generate a harmonic
force constant (FC) matrix. The subsequent mass-weighted Hessian matrix provides
the normal coordinates for each molecular species in question. The optimized geom-
etry is then displaced along these normal coordinates to compute the semi-diagonal
QFF, and SPE computations are performed at each of these displacements.

Finally, the SPE energy computations are then used to compute the final
normal FCs directly using a finite differences procedure. The normal coordinate
FCs are passed to a VPT2 algorithm with the PBQFF framework itself.6774.75,118
In order to improve the spectral data produced, type-1 & -2 Fermi and Coriolis
resonances are taken into account as this has shown to increase the accuracy of the
computed rovibrational data.%7%119:216 Finally, in an effort to assist laboratory study
or potential astrophysical and atmospheric detection, dipole moments for each Al
compound are computed at the F12-TZ level of theory also utilizing MOLPR02023.2.
Similarly, double-harmonic infrared intensities are computed at the B3LYP /aug-cc-
pVTZ21021 Jevel of theory within MOLPR02023.2, 107,248,249

The F12-TcCR+TZ hybrid method is also included in Table 5.1. This hybrid
method takes advantage of the computation of a HFF before the subsequent QFF
within the PBQFF framework. Therefore, a blend of higher and lower-levels of
theory can be utilized to the reduce computational cost of the full QFF process for no
signifcant decrease in the over all accuracy of the rovibrational spectral data for the
given molecule. 4220251 The TcCR+TZ hybrid method utilizes the more theoretically
rigorous F12-TcCR level of theory to compute the HFF. Then, the cubic and quartic
terms are computed at the lower F12-TZ level of theory and combined with the

higher-level harmonic terms to flesh out the full QFF. This allows for even greater
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Table 5.2: Vibrational frequencies (cm™'), calculated percent error (%E) for AlH,
AlO~, and AlO, and overall mean absolute percent error (MA%E).

AlH AlO~ AlO

Level of Theory v %E v NE v %E | MA%E
a'lZ 1610.1 0.8 | 931.6 2.7 | 990.9 2.7 2.1
aCTZ 1609.0 0.9 [ 940.2 1.8 | 9564 0.9 1.2
awCTZ 1612.6 0.7 | 948.8 0.9 | 958.3 0.7 0.8
F12-TZ 1631.5 0.5 | 955.2 0.2 |980.0 1.6 0.8
F12-TcC 1634.2 0.6 | 9509 0.6 | 9785 14 0.9
F12-TZR 1629.2 0.3 | 951.0 0.6 | 9949 3.1 1.3
F12-TcCR 1629.3 0.3 | 945.2 1.2 | 986.5 2.2 1.2
F12-TcCR+TZ 1626.3 0.1 | 958.5 0.2 | 9814 1.7 0.7
Split basis TcC 1631.5 0.5 | 977.6 2.2 |992.3 2.8 1.8
Split basis TcCR | 1628.6 0.3 | 954.5 0.3 | 979.3 1.5 0.7
Expt.® 1623.9 957 965

® Previous gas-phase experimental data from Ref. 252 for AIH, Ref. 1 for AlIO™,
and Ref. 253 for AlO

time savings than the full F12-TcCR composite method while still maintaining a

higher degree of accuracy compared to the F12-TZ method alone.

5.3 Results and Discussion

5.3.1 Diatomic Molecules with Gas-Phase Data

All three of the diatomic molecules studied herein, X 'S+ AlH, X 'Y AlOT,
and X 22t AlO, have gas-phase experimental vibrational data to benchmark the
performance of the various levels of theory explored in this work. Computed fun-
damental anharmonic frequencies, experimental frequencies, and the percent error
with respect to experiment are listed in Table 5.2. The experimental gas-phase data
for these two molecules are from Refs. 252, 1, and 253 for AIH, AlO~, and AlQO,
respectively. The simple bonding motif between aluminum and hydrogen in AIH
lends itself to strong agreement with experimental gas-phase data for all levels of

1

theory with all computed frequencies lying within 1% of experiment at 1623.9 cm ™.

The lack of core electrons in hydrogen, and thus the lack of internuclear core elec-
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tron interaction in the AlI—H bond, results in minimal changes to the deviation from
experiment regardless of the choice of core electron correlation included. The inclu-
sion of relativistic effects tends to contribute to closer agreement with experiment
regardless of whether or not the core electrons are included in the computation. The
method that is the closest to experiment for AlH is the hybrid F12-TcCR+TZ with
only 0.1% error (3.6 cm™!).

The computed vibrational data for AlIO™, shown in the middle columns of
Table 5.2 retain the closed shell characteristics of AIH while the bonding motif is
more complicated due to the interaction of core electrons between the aluminum and
oxygen atoms. This more complicated bonding environment leads to more variance
in the error across all tested QFFs and levels of theory. The inclusion of core electrons
in the computations improves the agreement with experiment for the methods that
do not include explicit correlation, while the opposite effect occurs with inclusion of
explicit correlation. The inclusion of relativistic effects results in greater error for
F12-TcCR compared to F12-TcC where all of the core electrons are included. When
only the core electrons in oxygen are included but not aluminum, relativistic effects
improve the agreement with experiment significantly between the Split basis TcCR
and Split basis TcC QFFs. Despite this, the best agreement with experiment is once
again the hybrid method F12-TcCR+TZ with only 0.2% MA%E (2 cm™1).

The neutral radical AIO diatomic molecule has similar bonding as its corre-
sponding anion, but the open-shell nature of this radical presents a slightly different
interaction between aluminum and oxygen. Computed vibrational data for AlO
are also listed in Table 5.2 along with the gas-phase experimental frequency. The
inclusion of core electrons and relativistic effects produce larger error in the com-
puted values for the open-shell system compared to closed-shell AIO~. Relativistic

effects without core correlation added in F12-TZR show the largest deviation from
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Table 5.3: Rotational spectroscopic and distortion constants (MHz unless otherwise
specified), calculated percent error (%E) for AIH and AlO, and overall mean absolute
percent error (MA%E)

AlH AlO

Level of Theory By %E D, %E By %E | D, (kHz) %E | MA%E
aTZ 186333.4 0.2 | 10.843 1.5 | 18609.9 2.3 31.686 2.2 1.5
aCTZ 187788.6 1.0 | 11.128 4.1 | 18832.6 1.2 33.095 2.1 2.1
awCTZ 188761.9 1.5 | 11.256 5.3 | 18963.3 0.5 33.294 2.8 2.5
F12-TZ 188294.2 1.2 | 10.886 1.9 | 18973.4 0.4 32.007 1.2 1.2
F12-TcC 189360.6 1.8 | 11.080 3.7 | 19106.5 0.3 32.621 0.7 1.6
F12-TZR 188292.0 1.2 | 10.904 2.0 | 18986.4 0.3 31.981 1.3 1.2
F12-TcCR 189357.0 1.8 | 11.098 3.8 | 19117.7 0.3 32.639 0.7 1.7
F12-TcCR+T7Z 189285.2 1.8 | 11.098 3.8 | 19115.2 0.3 32.639 0.7 1.6
Split basis TcC 188289.2 1.2 | 10.904 2.0 | 18988.8 0.3 31.986 1.3 1.2
Split basis TcCR | 188294.2 1.2 | 10.886 1.9 | 18975.4 0.4 32.014 1.2 1.2
Expt.® 191588.4 10.688 19239 32.4

@ Previous gas-phase experimental data from Ref. 252 for AIH and Ref. 253 for AlO

experiment with 3.1% error. The explicitly correlated methods that perform the
best for AlO are F12-TZ, F12-TcCR, F12-TcCR+TZ, and Split basis TcCR. All of
which exhibit errors of 1.4-1.7%. Of these four methods, the hybrid F12-TcCR+TZ
method is the furthest from experiment with a deviation of 1.7% (16 cm™!). Despite
this, F12-TcCR+TZ, along with Split basis TcCR, displays the best agreement with
experiment with a MA%E of 0.7%.

Experimental rotational spectroscopic results have also been provided for AIH
and AlO. Table 5.3 contains the computed By and D, rotational and centrifugal
distortion constants along with the experimental results from Ref. 252 and 253 for
AlH and AlQO, respectively. For the By rotational constant of the simple AIH system,
the error to experiment varies between 1.2 or 1.8%. The levels of theory that predict
the rotational constants slightly less accurately compared to experiment (F12-TcC,
F12-TcCR, and F12-TcCR+T7Z) include some form of core electron correlation in the
QFF definition. This likely occurs from the lack of hydrogen core electrons where the
additional terms in the Hamiltonian provide no improvement to the overall accuracy

of the given level of theory and likely introduce some numerical noise. This is further
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suggested by the increased accuracy in the prediction of By seen in the F12-TZ, F12-
TZR, and both split basis levels of theory that freeze the Al core electrons. However,
the prediction of By for AlO suggests that F12-TcC, F12-TZR, F12-TcCR, and F12-
TcCRA4TZ all perform with similar accuracy with an error of a meager 0.3% (57
MHz out of 19115 MHz). The By accuracy for AlO suggests that the additional core
electron correlation and scalar relativistic corrections are necessary for the accurate
prediction of rotational constants for Al-bearing species bonded to other heavy atoms
or, especially, with higher bond orders.

The centrifugal distortion constants (D,.) exhibit more error for both AIH
and AlO as expected.?*?5 Some of the same methods (F12-TcC, F12-TcCR, and
F12-TcCR+TZ) for AlO that produce the lowest error in the By values also show
the lowest error in the D, values with agreement to within 0.7% of experiment. In
contrast with AlO, the D, values for AIH do not show the same trend for accuracy. Of
the explicitly correlated methods, F12-TcC, F12-TcCR and F12-TcCR+TZ exhibit
the most error (3.7-3.8%). However, F12-TZ displays the smallest error in D, at
1.9%. Again, the inaccuracies seen in the prediction of D, for AIH may stem from
the lack of core electron correlation from the hydrogen atom decreasing the accuracy
in the QFF levels of theory that include these terms. With regards to the MA%E,
the methods with the lowest overall error for rotational data are F12-TZ, F12-TZR,
Split basis TcC, and Split basis TcCR with 1.2% overall error. This does not seem to
follow the trend for accuracy seen in the calculated accuracy of the overall vibrational
frequencies for the diatomic species. F12-TcCR+TZ exhibits the lowest error with
respect to the vibrational frequency accuracies as well as the rotational data accuracy
for AlO. This suggests that for species containing Al and heavier atoms than H, F12-
TcCR+TZ will produce overall more accurate rovibrational spectral data. Finally,

the computed rotational constants (By), centrifugal distortion constants (D,), and
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Table 5.4: Anharmonic vibrational frequencies (in cm™') and IR intensities (in paren-
theses in km mol™! computed at B3LYP/aTZ) for A0, compared to previous gas-
phase experiment from Ref. 1 with calculated percent error (%E).

Mode Symm. Desc.® Expt.® aTZ %E aCTZ %E
o bi AS (AIO) 1134 11116 (177) 2.0 1100.0 2.0
Vo a S (AIO) - 772.9 (0) - 778.8 -
Vs bre  Bend (OAIO) 280.2 (88) - 262.8 -

awCTZ %E F12-TZ %E F12—TcC %E F12-TZR %E

1116.8 1.5 1126.4 0.7 1039.8 8.3 1124.1 0.9

785.7 — 787.0 - 895.2 — 787.1 —

265.1 - 263.9 — 171.0 - 269.9 -

F12—-TcCR  %E  F12—-TcCR+TZ %E  Split Basis TcC %E Split Basis TcCR  %E

1255.9 10.7 1132.9 0.1 1128.9 0.4 1120.5 1.2

828.2 - 794.2 - 793.5 - 783.7 -

418.8 - 264.1 - 285.1 - 259.7 -

@ “S” refers to the symmetric stretch, and “AS” is the antisymmetric stretch.

the dipole moment (D) for AIO~ are provided in the supplemental materials. While
there are no experimental data available for AlO™, the trend of F12-TcCR+TZ
producing highly accurate results suggests this method will also be accurate for

AlO~.

5.3.2 Tri- and Tetratomic Molecules with Gas-Phase Data
5.3.2.1 AlO;

Moving from diatomic molecules, the present work also benchmarks the given
levels of theory on larger Al complexes as they exhibit interatomic effects that may
be more common in the Earth’s atmosphere as well as the interstellar medium and
circumstellar media. To that end, the computed anharmonic vibrational frequencies
for X 12; AlO; , and comparison to previous gas-phase work, ! are given in Table 5.4.
The previous gas-phase experimental study® only observes the 1134 cm™* frequency
for the vy anti-symmetric (AS) stretching mode for AlO; . Hence, this frequency is the
only available comparable to assess the accuracy of the levels of theory benchmarked
for AlIO;. Immediately, the same trend seen in the diatomic molecules is further

suggested here with the F12-TcCR+TZ hybrid method computing the most accu-
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rate vibrational frequency for the A1O; molecule, an error of 0.1% (1.1 cm™! out of
1134 cm™). The split basis TcC level of theory follows closely behind at 0.4% error.
Of the ten levels of theory benchmarked, the F12-TcCR composite method and the
F12-TcC method exhibit the least accuracy compared to experiment at 10.7% and
8.3% error, respectively. This seems to follow the inaccuracies of the F12-TcC and
F12-TcCR computed fundamental for AIO~. Although, the overall MA%E for the
diatomic computed anharmonic frequencies suggest F12-TZR to produce the least
accurate QFF. That being said, the present computed anharmonic vibrational fre-
quency data suggest that the F12-TcCR+TZ hybrid method can accurately predict
the vibrational frequencies of the A1O; molecule as well as the Al-bearing diatomics
studied herein.

As mentioned previously, there is a lack of literature data for many Al-
containing chemical compounds that may be present in Earth’s atmosphere and
beyond. The AlO; species is no exception, and a direct comparison between the
computed rotational data, shown in the supplemental materials, and previous ex-
periment cannot be made. However, the accuracy of a given level of theory with
respect to the rotational data may be inferred based on its performance for the Al
diatomic compounds discussed above. Shown in Table 5.3, several levels of theory
perform similarly suggesting that the accuracy in the rotational spectrum is not as
hindered by the choice of the level of theory as the vibrational frequencies are. The
F12-TcCR+TZ level of theory behaves similarly to F12-TcCR and F12-TZR in the
diatomics despite the latter’s inability to compute accurate vibrational spectral data.
Of course, the accuracy in the diatomic Al-bearing species cannot be fully extrapo-
lated to the performance of larger Al compounds, but an overall trend can be applied
as a heuristic while laboratory data are absent. Therefore, the level of theory that

best computes the rotational data can be deferred to the level of theory that performs
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best for the vibrational frequencies given the similar performance across the levels

of theory in the diatomic rotational data.

Table 5.5: Anharmonic vibrational frequencies (in cm™') and IR intensities (in paren-
theses in km mol™ computed at B3LYP/aTZ) for Al0; compared to previous gas-
phase experiment from Ref. 1 with calculated %E.

Mode Symm. Desc.@ Expt. aTZ %E aCTZ NE
12 a AlO 1098 1073.5 2.3 1062.2 3.4
Vo b2 S (02) 842 725.2 720.2 -
V3 a; AS (AlO,) 6850 643.1 5.0 579.6 16.5
vy ar S (AlO,) 526 526.2 0.0 517.4 1.7
" by OPB (AlO3) - 304.4 113.9 -
Vg b2 Wag (OAlOQ) - 229.4 85.0 -

MA%E 2.4 7.2
awCTZ %E F12-TZ %E F12-TcC %E F12-TZR %E

1041.6 5.4 1093.9 0.4 1104.9 0.6 1089.3 0.8

707.3 - 747.4 — 746.8 723.4 -

653.7 3.3 680.5 0.8 636.5 6.0 661.7 2.0

356.0 47.8 531.0 0.9 586.3 10.3 514.0 2.3

253.9 - 295.8 - 385.0 243.4 -

185.3 - 277.9 - 189.8 274.8 -

18.8 0.7 5.7 1.7
F12-TcCR  %E  F12-TcCR+TZ %E  Split Basis TcC  %E  Split Basis TcCR ~ %E

1201.1 8.6 1096.0 0.2 1093.5 0.4 1038.1 5.8

1119.3 24.8 742.6 - 744.0 765.1 -

1228.5 44.2 680.0 0.7 693.5 2.7 680.8 0.9

778.6 32.4 525.2 0.2 530.9 0.9 516.5 1.8

1358.6 - 270.5 - 338.4 307.6 -

1198.7 - 258.9 - 305.7 - 226.6 -

28.4 0.4 1.3 2.8

@ “§” and “AS” are once more symmetric and antisymmetric with “OPB” referring to the
out-of-plane bend.

b Previous experiment suggests 685/675 cm~! for this mode. Further discussion is in the text.

5.3.2.2 AlO;

The tetratomic X 'A; AlO3 anharmonic vibrational frequencies are given
alongside a comparison to previous gas-phase experimental data'® in Table 5.5. While
the previous experiment observes four fundamental vibrational frequencies for AlO;,
the spectrum provided therein suggests an 842 cm™! frequency corresponding to the
vy Oy stretching mode. However, given the presently-computed frequencies and the

CCSD(T) harmonic frequencies reported in that work for this same fundamental, the
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! ' may be a misattribution of what is likely noise resulting from

frequency at 842 cm™
the previous experimental set-up. The levels of theory in the present work compute
the frequency for this mode to lie between 700—747 cm™! with the corresponding
harmonic IR intensity of a meager 1 km mol~!. That being said, the present compu-
tational work will not consider the experimental 842 cm™! frequency for comparison
to the computed frequencies.

The comparison of the levels of theory computed herein to the previous gas-
phase data further suggests that the hybrid F12-TcCR+TZ method provides the
most accurate anharmonic vibrational frequencies with an MA%E of 0.4. This is
followed closely by the F12-TZ level, at 0.7 MA%E, which is similar to the accuracy
seen in the linear AlO; molecule. In contrast, the F12-TcCR level, again, performs
the least accurate compared to experiment with an MA%E of 28.4, which is also
similar to this level’s performance for AlO;. This may suggest that computing the
full QFF at the F12-TcCR level of theory introduces some numerical instability in
the computation of the third- and fourth-order constants leading to errors in the
overall vibrational frequencies. In the case of the hybrid QFF, these errors seem
to be mitigated significantly as the only difference is the computation of the third-
and fourth-order force constants at the lower F12-TZ level of theory. Thus, the
higher-level harmonic force constants seemingly provide higher accuracy and retain
numeric stability whereas the anrharmonic force constants degrade. These F12-
TcCR harmonic force constants can then be enhanced with the numeric stability
from the computed F12-TZ third- and fourth-order force constants which correct the
F12-TcCR harmonics in line with experiment.

Shown in Table 5.5, previous gas-phase experiment ! attributes both 675 cm ™!

and 685 cm ™! to the v5 AS AlO, mode corresponding to a split peak in the previous

experimental IR spectrum given therein. However, the splitting in the peaks is likely
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due to the presence of the AlO,'80O~ isotopologue. This is further confirmed by
the computation of vibrational frequency of said isotopologue at the F12-TcCR+TZ
level revealing a frequency for vs at 672 cm~'As this level of theory has performed
accurately for the diatomic and triatomic species, as well as the standard isotopologue
of AlO;, the computation of this isotopologue’s frequency of 672 cm~'should be
considered as an explanation for the splitting seen in the previous gas-phase IR
spectrum.

Like AlOg , no previous gas-phase rotational data are available for comparison
to the computed rotational spectroscopic data of A1O3 provided in the supplemental
materials. However, as shown for the diatomic species, the accuracy for the rotational
constants of a given level of theory compared to experimental data is coupled to that
of the vibrational frequencies. Since the hybrid method performs with high accuracy
in the vibrational frequencies for AlO3, the same level of accuracy can be expected

for the rotational spectral constants for this level of theory.

5.3.3 Al Molecules with Ar Matrix Data

Several Al-bearing species investigated herein have little-to-no gas-phase ex-
perimental data outside of an Ar Matrix. As interaction with a matrix is known to
cause shifts in the observed frequencies compared to the true gas-phase data,??¢ a nu-
merical accuracy comparison of the theoretical work herein is not possible. However,
matrices are known to redshift the frequencies between Av =9 — 20 cm ™! on aver-
age.??% That being said, a simple comparison of the difference between the provided
theoretical data and the previous Ar matrix spectroscopic data can be analyzed.
Thus, the levels of theory that perform best for the aforementioned Al-containing
molecules with Ar matrix data will reasonably offset the redshifted vibrational fre-

quencies by the prescribed 9 — 20 cm™!.
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Table 5.6: Comparison of computed anharmonic vibrational frequencies with previ-
ous Ar matrix experimental frequencies (in cm™') from Ref. 2 with B3LYP/aTZ IR
intensities in parentheses (in km mol™!) for AlHs;.

Mode Symm. Desc. Expt.® aTZ Av aCTZ Av
2 Al S (AlH) — 1873.4 (0) — 1879.7 —
Vo Ay” OPB (AlHj3) 697.8 710.8 (387) 13.0 710.9 13.1
V3 £ AS (AlH) 1882.8  1874.1 (251)  —8.7 1879.3 -3.5
vy E' AS (HAIH) 783.4 781.0 (234) —2.4 785.7 2.3
awCTZ Av F12—-TZ Av F12—TcC Av F12-TZR Av
1886.4 — 1891.0 — 1859.5 — 1885.9 —
712.4 14.6 708.3 10.5 665.5 —32.2 700.6 2.8
1886.0 3.2 1890.0 7.2 1901.2 18.4 1885.4 2.6
789.9 6.5 788.9 5.5 728.8 —54.6 780.3 -3.1
F12—TcCR Av F12—-TcCR+TZ Av Split Basis TcC Avr  Split Basis TcCR  Av
1917.6 — 1896.1 — 1890.3 — 1888.8 —
771.6 73.8 714.1 16.3 707.6 9.8 719.8 22.0
1900.9 18.1 1895.2 12.4 1889.2 6.4 1890.3 7.5
828.2 44.8 794.9 11.5 788.2 4.8 797.0 13.6
5.3.3.1 AlH;

As shown in Table 5.6, the computed anharmonic vibrational frequencies for
AlHj3 are provided with the Ar matrix experimental frequencies and the differences
between them, Av. As the v, stretching mode is the totally symmetric irrep for
AlHj3, previous Ar matrix data are not reported for this fundamental. It has been
included in the present work for completeness sake and to serve as a reference for
future laboratory work. Regardless, the difference between the computed and Ar
matrix data varies substantially across the different levels of theory for AlHz. Of
the 10 levels of theory benchmarked on AlH3, the F12-TcCR+TZ hybrid method
computes a sufficient difference to offset the matrix effects for each mode within

the aforementioned 9 — 20 cm™!

range. This seems to follow a similar trend seen
in the above diatomic species, especially AIH and AlO~, where the hybrid method
provides the most accurate rovibrational data when compared to gas-phase exper-

iment. Again, this gain in accuracy is discussed in a previous benchmark study

utilizing this F12-TcCR+TZ hybrid method*? where the more theoretically rigorous
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method (F12-TcCR) is applied to the harmonic portion of the QFF procedure to lay
a more accurate foundation for the lower-level computation (F12-TZ) of the cubic
and quartic terms to build upon.

Most other levels of theory all perform similarly relative to one another. The
conventional aTZ and aCTZ levels perform almost identically, where awCTZ per-
forms similar to F12-TZ. That is to say, provides sufficient correction for the 1y
bending mode, but does not compute the same correction for the other modes. The
F12-TZR composite method does not produce accurate shifts for any mode but is
not as substantially different compared to Ar matrix data as the F12-TcC method
and the F12-TcCR composite method. The F12-TcC performance for AIH3 seems
to mimic, though not as significantly, that of the singly-hydrogenated AIH molecule,
where F12-TcC exhibits the most inaccuracy for the explicitly correlated methods.
As the bonding environment within AlH3 does not include contribution from Al core
electrons, the F12-TcC method may suffer from some numerical instability that may
be contributing to the large differences seen for at least AlHj.

The F12-TcCR composite QFF exhibits the largest differences across the
levels of theory for AlH3 compared to Ar matrix data and substantially blueshifts
the 15 and v, bending fundamentals. While the F12-Tc¢CR method has historically
been utilized as a highly-accurate QFF method,*"?!> molecules that exhibit very
“foppy” vibrational modes are known to suffer from the use of composite methods
due to conflicting minima at every point of the potential well. 19132184 Thys the
F12-TcCR composite method may be an undesirable QFF method when applied to
Al-bearing species. However, when the F12-TcCR composite method is relegated
to only the harmonic terms within the QFF procedure and the rest of the terms
are computed at the F12-TZ level, the correction of the matrix shifting effect seems

to fall entirely within the aforementioned offset of 9 — 20 cm~t. Thus, the F12-
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TcCRATZ level, again, seems to provide accurate anharmonic vibrational spectral

data for AlH;.

5.3.3.2 AINH,

The computed anharmonic vibrational frequencies along with the calculated
difference from previous Ar matrix experimental data® are shown in Table 5.7. Like
AlHj3, the rotational spectral constants can be found in the supplementary materials
as there are no experimental rotational data for comparison. In the previous Ar
matrix experiment, the by v; AS N—H stretch at 3499.7 cm~! was attributed to
the a; S N—H stretch, but all presently computed QFFs report frequencies that
correspond to the by mode. Thus, the work herein attributes that the previous a;
frequency at 3499.7 cm~! to the by mode hereafter. Additionally, the previous Ar
matrix study attributes a frequency of 518.3 ecm™* to the v;; NH, OPB. Given that
most levels of theory herein do not compute a vibrational frequency in this region,

1 is also a misattribution or is

this may suggest that the frequency of 518.3 cm™
unrelated to the molecule entirely. Thus, this frequency will not be considered when
examining the accuracies of the various QFFs. Additionally, the large difference
present in every level of theory, ~50 cm™!, for the vg AS in-plane NH; bend may be
indicative of the QFF procedure’s inability to accurately describe certain “floppy”
modes as discussed previously. That being said, the failure to describe this mode
may not be inherent to the choice of the level of theory and should not discredit the
QFF predictions of the vibrational frequencies for the AINH, species.

Again, for Ar matrix data, the most accurate level of theory will be the level
that reasonably offsets the matrix shift. For AINH4, both the F12-TcC and F12-
TcCR4TZ hybrid method provide the most reasonable difference from the Ar matrix
data. This is in stark contrast to the F12-TcC performance for AIH3 which exhibits

a large error likely associated with the lack of core electron correlation. However,
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Table 5.7: Computed anharmonic vibrational frequencies (in cm™!) with IR intensi-

ties (in parentheses in km mol~'computed at B3LYP/aTZ) for AINH, compared to
previous Ar matrix experiment from Ref. 3

Mode Symm. Desc. Expt. aTZ Av aCTZ Av
121 by AS (NH) 3499.7¢ 3487.3 (31) -12.4 3491.8 -7.9
Vo a1 S (NH) - 3414.0 (27) - 3418.3 -
V3 by AS (AIH) 1899.3 1884.0 (257)  -15.3 1889.1 -10.2
vy ay S (AlH) 1891.0 1881.1 (81) -9.9 1887.2 -3.8
vs ay S (NH,) 1541.6 1548.3 (28) 6.7 1552.3 10.7
Vg ai AIN 818.7 810.5 (217) -8.2 818.6 -0.1
vy a1 S(AlH>) 755.0 742.4 (51) -12.6 747.4 -7.6
Vg ba AS (NHy) 769.8 714.4 (145) -55.4 715.2 -54.6
Vg b1 OPB (AlH,) 608.7 611.9 (165) 3.2 612.4 3.7
V10 as T - 473.1 (0) - 474.8 -
V11 b1 OPB (NH,) 518.3b 424.0 (236) - 434.3 -
V12 b2 AS (AIHQ) - 427.6 (19) - 428.5 -
awCTZ Av F12-TZ Av F12-TcC Av F12-TZR Av
3492.4 -7.3 3496.0 -3.7 3516.6 16.9 3495.2 -4.5
3419.4 3421.3 — 3432.8 — 3421.0 —
1893.3 -6.0 1895.3 -4.0 1920.2 20.9 1894.7 -4.6
1891.5 0.5 1893.3 2.3 1904.0 13.0 1893.6 2.6
1552.8 11.2 1552.1 10.5 1548.5 6.9 1556.3 14.7
821.3 2.6 819.7 1.0 811.2 -7.5 825.9 7.2
749.6 -5.4 747.0 -8.0 749.1 -5.9 753.7 -1.3
714.6 -55.2 715.4 -54.4 715.8 -54.0 724.3 -45.5
611.5 2.8 609.2 0.5 769.8 161.1 613.7 5.0
473.5 466.5 - 380.5 - 478.6 -
437.7 441.9 - 505.7 - 447.0 —
427.1 424.5 - 438.0 - 438.4 —
F12-TcCR A F12-TcCR+TZ Av Split Basis TcC ~ Avr  Split Basis TcCR  Av
3433.3 -66.4 3503.1 3.4 3497.6 -2.1 3495.9 -3.8
3375.9 - 3427.8 - 3423.1 - 3420.4 -
1869.1 -30.2 1901.5 2.2 1895.7 -3.6 1892.7 -6.6
1743.5 -147.5 1900.8 9.8 1895.0 4.0 1892.2 1.2
1413.4 -128.2 1553.1 11.5 1555.4 13.8 1554.8 13.2
494.1 -324.6 823.7 5.0 825.9 7.2 822.0 3.3
567.1 -187.9 752.8 -2.2 751.6 -3.4 751.9 -3.1
345.2 -424.6 717.6 -52.2 718.6 -51.2 716.4 -53.4
85.3 -523.4 612.9 4.2 609.5 0.8 611.9 3.2
376.8 471.0 - 474.4 - 483.9 -
—236.2 442.8 - 451.5 - 445.9 —
—338.3 432.2 - 434.4 — 432.2 -

% This was attributed to an a; symmetry label in the previous Ar matrix data. Further discussion
provided in text.

b This is may not be associated with this molecule. Further discussion provided in text.
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with the presence of the AlI—N bond, this is no longer the case. However, the 1y
AlH,; OPB is substantially redshifted which suggests there is still some error present
in the F12-TcC prediction of the vibrational frequencies. For the F12-TcCR+TZ
level, though they are not all within the 9 — 20 cm™! offset, there is no further
redshifting of the vy mode and the other corrections appear well-behaved. While
the F12-TcC level offsets the matrix shift for this molecular species more sufficiently
than the F12-TcCR+TZ hybrid method, its inability to do so for many other species
herein suggests that it may not be suitable in every case for computing accurate

rovibrational spectral data.

5.3.4 Al Molecules without Experimental Data

HAIO,

Harmonic and anharmonic frequencies are listed in Table 5.8 at all ten levels
of theory benchmarked in this work. In general, the inclusion of explicit correlation
introduces positive anharmonic corrections to several frequencies with the corrections
to vs5 and v typically being the most severe. For F12-TZ, the positive anharmonic-

ities are fairly small at only 3.5 cm™!

, and the frequencies are in line with those
computed previously with a very similar approach. The exception is for v4 which
was not computed to have positive anharmonicities utilizing symmetry-internal coor-
dinates.??® Even so, these positive anharmonic corrections become especially severe
with the inclusion of core correlation in F12-TcC where the anharmonic frequencies
are 129.4 and 382.0 cm™! larger than the harmonic frequencies for vs and vg, re-
spectively. Inclusion of Douglas-Kroll relativistic effects on their own in F12-TZR
produces much smaller positive anharmonic corrections of only 30.7 and 26.7 cm ™!

for v5 and vg, respectively. Combining core correlation and relativistic effects with

F12-TcCR creates similar behavior in that v5 and g still are untrustworthy in the
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anharmonic portion.

In contrast with the other methods, the F12-TcCR+TZ hybrid approach gen-
erates no positive anharmonicities, implying that this method is reliable for HA1O,.
The hybrid QFF is also consistent with the two Split basis QFFs in Table 5.8. This
outcome combined with the previous benchmarks above points to this level of the-
ory generating the best predictions for the IR spectrum of this molecule. Previous
F12-TZ and CcCR values computed with symmetry-internal coordinates 256 are also
listed in Table 5.8. The F12-TZ results are consistent with each other across both co-
ordinate systems with more variation in the low-frequency fundamentals. The CcCR
data are similar to the F12-TcCR+TZ data with the exception of CcCR producing
a large anharmonic correction for the vg frequency. Presently, the F12-TcCR+TZ
values indicate that the notably intense (138 km mol™!) out-of-plane b; v funda-
mental frequency lies closer to its harmonic value than the previous computations
indicate. 2°¢

The calculated rotational constants for HA1O, are given in the supplementary
materials. The rotational constants are in much better agreement across the methods
than the vibrational frequencies as they are less susceptible to anharmonic variation.
The largest difference arises when core electrons are excluded which is known to de-
crease the accuracy of the methods. #1916 However, the F12-TcCR+TZ rotational
constants are in close agreement (~ 20 MHz) with previous CcCR results as shown
in Table 5.9, especially the B and C constants, implying that the rotational constants

of the current method are just as accurate®’ as the previous or potentially moreso. !

5.3.4.1 AlIH,OH

Table 5.10 lists all of the harmonic and anharmonic vibrational frequencies for
AlH5OH for all ten benchmarked QFFs and their respective levels of theory, along

with the previously computed data at F12-TZ and CcCR with symmetry-internal
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Mode Symm. Desc. aTZ aCTZ awCTZ F12-TZ F12-TcC
w1 ay S(AIH) 2049.7 (63) 2053.3 2061.3 2057.1  2069.4
Wo ay SS (AlO) 923.0 (51) 931.0 937.7 943.2  950.0
w3 bs AS (AlO) 758.0 (24) 768.2 774.8 7779 784.9
Wy ay S (00) 512.6 (24) 516.4 519.3 525.0  526.7
ws be  Bend (HAIO) 521.7 (86) 521.2 522.6 520.9  523.3
we by OPB (HAIO) 487.5 (138) 484.9 482.2 4771 479.3
2 ay S(AIH) 1987.1 1990.7 1995.4 1994.8  2089.8
vy ay SS (AlO) 905.9 912.3 918.6 929.2  940.5
V3 bs AS (AlO) 750.9 762.4 767.6 772.1  799.6
vy ay S (00) 494.8 496.2 499.7 511.9  510.9
Vs be  Bend (HAIO) 521.8 520.6 522.5 524.4  652.5
Vg by OPB (HAIO) 487.2 481.4 479.4 480.6  861.3

Mode F12-TZR F12-TcCR F12-TcCR+T7Z Split Basis TcC Split Basis TcCR F12-TZ* CcCR“
w1 2055.8 2068.2 2068.2 2057.1 2055.8 2057.2  2070.0
Wo 941.8 948.5 948.5 943.3 941.9 942.8  950.8
w3 776.2 783.2 783.2 777.9 776.2 776.5  783.8
Wy 526.5 528.2 528.2 525.2 526.7 529.9  534.6
Ws 523.1 525.6 525.6 521.0 523.2 520.5 5214
we 4783 480.5 480.5 477.1 478.2 4771 473.6
vy 1996.0 2042.1 2005.3 1995.6 1993.6 1994.0 2006.1
) 934.8 935.3 926.5 928.2 921.2 926.0  933.8
V3 789.2 783.9 771.8 769.1 770.2 766.8  773.6
vy 529.3 534.0 508.2 514.4 508.4 508.5  513.8
Vs 553.8 823.7 520.2 520.5 532.0 518.2  518.3
Vg 505.0 556.0 474.0 484.2 490.7 439.3  430.3

“Previous computations from Ref. 256.

Table 5.8: Harmonic and anharmonic vibrational frequencies (in cm™) and IR in-
tensities (in parentheses in km mol™' computed at B3LYP/aTZ) for HAIO,
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Const. Units F12-TZ F12-TcCR+TZ F12-TZ* CcCR®
A, MHz 23033.5 23091.1 23117.3 23216.5
B, MHz 13367.8 13519.3 13346.5 13499.4
C. MHz 8458.7 8527.0 8461.3 8536.0
Ap MHz 22838.3 22898.0 22916.1 23020.8
By MHz 13356.0 13506.2 13335.6 13487.6
Co MHz 8404.8 8472.3 8407.3 8482.0
Ay MHz 22824.2 22883.4 22901.0 23005.5
By MHz 13323.4 13472.2 13303.2 13454.4
4 MHz 8390.0 8456.9 8392.4 8466.8
As MHz 22768.5 22828.3 22846.1 22951.3
By MHz 13306.0 13453.4 13285.6 13436.9
Cy MHz 8377.0 8443.6 8379.4 8453.9
Asg MHz 22935.9 22996.6 23014.3 23118.2
Bs MHz 13287.7 13434.4 13267.5 13418.5
Cs MHz 8404.0 8470.6 8407.4 8482.1
Ay MHz 22421.4 22484.1 22505.0 22617.0
By MHz 13470.5 13622.7 13447.4 13599.0
Cy MHz 8428.8 8561.2 8375.6 8436.9
Asx MHz 22873.4 22933.4 22945.8 23052.4
Bs MHz 13377.1 13528.6 13357.8 13509.6
Cs MHz 8303.8 8306.7 8361.6 8449.4
Ag MHz 22815.8 22876.0 22882.3 22989.1
Bg MHz 13348.1 13499.2 13330.6 13483.2
Cs MHz 8417.5 8485.7 8419.5 8494.5

K —0.314 —0.302 —0.32064 —0.31141

Dipole D 4.55 4.55

%Previous computations from Ref. 256.

Table 5.9: Comparison of rotational constants and dipole moment at select levels of
theory with previous computations for HAIO,

118



coordinates. '™ As with HAIO,, the methods with explicit correlation introduce either
positive or very large, non-physical anharmonic corrections, particularly in the low
frequency range. The positive anharmonicities for AIH,OH are not as extreme as for
HAIO, with F12-TZ only displaying one positive anharmonicity of 1.4 cm™! for v;.
However, the addition of core correlation in F12-TcC does not produce any positive
anharmonicities, but v and vy show exceptionally large anharmonic corrections with
magnitudes of 382.8 and 105.5 cm™!, respectively. Inclusion of only Douglas-Kroll
relativistic effects in F12-TZR result in positive anharmonicities in vy, vs, v7, and g
that range from 0.4-12.4 cm™!. The combination of core correlation and relativity in
F12-TcCR once again does not produce any positive anharmonic corrections, but the
corrections are even larger than F12-TcC with v, through 14 all having corrections
of larger than 100 cm~!. The v and vy corrections are the worst with magnitudes of
335.2 and 488.2 cm ™!, respectively. The anharmonic correction for vy is larger than
the harmonic frequency, resulting in a non-physical anharmonic frequency of —53.6
cm™ .

The hybrid method F12-TcCR+TZ follows the performance for HAIO, and
does not produce any positive anharmonicities or abnormally large anharmonic cor-
rections. The data from both Split basis QFF's are consistent with the hybrid F12-
TcCR+TZ data. This, once again, suggests F12-TcCR+TZ as the most reliable
method for this molecule. As has been the case for all aluminum species studied
herein, F12-TcCR+TZ is likely to generate the most accurate predictions for the IR
spectrum of AIH,OH. In comparison with the previously computed data, the F12-TZ
data are consistent across both the use of normal and symmetry-internal coordinates.
The previous CcCR data are in close agreement with F12-TcCR+TZ with the ex-
ception of the lower-frequency fundamentals. F12-TcCR+TZ suggests the vy torsion

may be higher than previously predicted.
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Mode Symm. Desc. aTZ aCTZ awCTZ F12-TZ F12-TcC
w1 a S (OH) 3922.5 (73) 3927.2 3930.7 3946.3  3952.7
wo a S (AlH) 1971.5 (176) 1977.3 1985.7 1984.7  1995.7
w3 a S (AlH) 1941.0 (163) 1946.1 1954.5 1954.2  1964.5
Wy a S (AlO) 851.1 (160) 860.9 868.4 868.2  874.9
ws a’ Bend (HAIH) 767.2 (96) 773.5 778.5 774.8  780.7
we a’ Bend (HOAL) 674.9 (212) 666.6 666.3 665.0  665.5
wr a”  OPB (HAIH) 630.6 (224) 630.3 631.5 624.8  628.7
wg a Bend (HAIH) 492.9 (81) 493.9 495.9 494.0  496.6
Wy a” 7 (HOAI) 435.9 (104) 436.4 439.4 4344  437.7
12 a S (OH) 3748.4 3753.8 3755.6 3769.5 3784.4
Vo a’ S (AIH) 1907.3 1912.2 1917.6 1920.0 1842.9
V3 a S (AlH) 1878.5 1883.2 1888.6 1892.1 1801.5
vy a S (AlO) 839.9 848.3 855.2 858.9  675.4
Vs a' Bend (HAIH) 762.0 759.4 765.6 767.0  616.3
Vg a’ Bend (HOALI) 621.8 610.5 614.2 615.7  396.8
vy o’  OPB (HAIH) 625.6 624.7 626.3 626.2  460.4
Vs a Bend (HAIH) 489.1 485.3 489.1 493.8  113.8
Vg a” 7 (HOAI) 405.9 405.2 408.9 4126  332.2

Mode F12-TZR F12-TcCR F12-TcCR+TZ Split Basis TcC Split Basis TcCR F12-TZ* CcCR“
w; 39434 3949.8 3949.8 3946.7 3943.8 3946.6  3953.2
wo 19824 1993.3 1993.3 1984.7 1982.4 1984.8 1998.3
ws  1951.8 1962.0 1962.0 1954.2 1951.8 1954.2  1966.9
wg  866.9 873.5 873.5 868.3 867.0 868.2  875.1
ws 775.6 781.5 781.5 774.8 775.7 774.8  781.0
We 665.0 665.6 665.6 664.8 664.7 665.5  668.1
wr 6264 630.2 630.2 624.8 626.4 624.7  626.6
wg  494.8 497.4 497.4 494.0 494.8 494.3  496.6
wg  431.2 434.6 434.6 434.4 431.3 433.5 4364
vy 3767.3 3725.5 3772.3 3769.0 3764.9 3768.7 3773.6
ve  1914.5 1932.2 1926.0 1918.0 1914.0 1918.4 1929.2
vs  1893.0 1802.4 1897.3 1890.0 1886.8 1892.5 1906.3
vy 867.3 682.2 859.6 854.4 849.8 855.7  864.7
Us 780.4 559.5 766.4 761.9 760.5 766.3  782.5
Vg 627.9 330.4 613.2 611.3 599.4 616.1  590.9
vy 636.7 328.1 627.7 621.1 616.3 621.9  626.0
Vs 507.2 261.7 488.8 487.8 467.4 486.3  494.0
Vg 416.3 -53.6 403.3 406.6 375.2 424.1  310.0

“Previous computations from Ref. 179.

Table 5.10: Harmonic and anharmonic vibrational frequencies (in cm™!) and IR
intensities (in parentheses in km mol™! computed at B3LYP/aTZ) for AIH,OH
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All calculated rotational constants are listed in the supplementary material.
As was the case with HAIO,, the rotational constants across all methods are in close
agreement with each other as they are less affected by anharmonic variation. The
most variation in the rotational constants depends on the inclusion of core corre-
lation. As previously stated, inclusion of core correlation is known to increase the
accuracy of the methods.*10%1% Ag shown in Table 5.11, F12-TcCR+TZ produces
rotational constants within 10 MHz of the previously computed CcCR data for the
B/C constants and within ~ 30 MHz for the A rotational constants. This suggests
the rotational constants from the hybrid F12-TcCR+TZ method are just as*® or

even more*' accurate than the previous data.

5.4 Conclusion

Of the ten QFF's and their defined levels of theory that are benchmarked in
the present work, the F12-TcCR+TZ hybrid QFF most consistently outperforms
the other levels of theory in terms of accuracy for molecules containing Al. This is
the case for the diatomic molecules all the way to the six-atom, Al-bearing species
and showcases the effects of composite inclusion of core electron correlation and
scalar relativity in defining PESs such as QFFs. This trend is not only predicted in
molecules with comparable gas-phase data, but also in comparison to Ar matrix data.
The accuracy of the rovibrational spectral data suggests that for species containing
Al—N and Al—O bonds, the added core electron correlation and scalar relativistic
corrections are necessary in some manner as is accomplished through F12-TcCR+TZ.
These additional corrections provide the needed accuracy in the computation of
the harmonic force constants while the lower-level F12-TZ cubic and quartic force
constants ensure numeric stability in these portions of the overall QFF. In the case

of the conventional CCSD(T) QFFs (excluding the diatomic species), these levels of
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Const. Units | F12-TZ F12-TcCR+TZ | F12-TZ* CcCR"
A, MHz | 113030.1 113969.8 113031.4 113935.5
B, MHz | 14284.5 14414.8 14284.8 14416.1
C, MHz | 12681.8 12796.4 12682.1 12796.9
A MHz | 113739.0 114677.1 113732.6 114629.3
By MHz | 14230.6 14358.7 14230.1 14361.4
Co MHz | 12614.2 12727.0 12614.5 12729.0
Ay MHz | 112456.8 113374.0 112450.4 113333.9
B, MHz | 14207.1 14334.7 14206.5  14337.7
4 MHz | 12579.6 12691.8 12580.0 12694.1
A, MHz | 112809.4 113714.8 112802.5 113692.0
By MHz | 14222.3 14350.0 14221.7  14353.0
Oy MHz | 12597.8 12709.8 12598.1 12712.4
As MHz | 112647.7 113545.2 112641.1 113522.4
Bs MHz | 14225.6 14353.5 14225.0 14356.4
Cs MHz | 12598.0 12710.1 12598.3 12712.6
Ay MHz | 113785.9 114715.0 113780.5 114665.3
B, MHz | 14178.5 14304.1 141779  14308.0
Cy MHz | 12547.5 12657.3 12547.8 12661.4
As MHz | 114353.3 115304.2 114347.2 115233.3
Bs MHz | 14235.4 14363.1 14234.8 14366.5
Cs MHz | 12597.9 12710.1 12598.2  12712.5
Ag MHz | 118134.6 119068.9 118116.3 119040.8
Bg MHz | 14278.1 14405.1 14277.2 14408.1
Cs MHz | 12608.9 12720.9 12609.2 12723.3
Aq MHz | 112851.2 113803.4 112844.2 113730.2
By MHz | 14191.9 14319.3 14191.3  14323.7
Cy MHz | 12630.3 12743.8 12630.6 12745.5
Ag MHz | 117991.0 119092.3 117906.1 119019.2
By MHz | 14255.6 14383.0 14255.1 14386.5
Cs MHz | 12608.8 12723.0 12608.9 12724.1
Ag MHz | 110039.3 110890.4 110107.3 110814.0
By MHz | 14173.1 14303.4 141719  14303.9
Cy MHz | 12623.9 12737.2 12623.7  12738.3
K —0.968 —0.968 —0.97

Dipole D 1.21 1.22

“Previous computations from Ref. 179.

Table 5.11: Comparison of rotational constants and dipole moment at select levels

of theory for AIH,OH.

122




theory predict less accurate data in comparison to the explicitly correlated levels of
theory. This further suggests the corrections offered by explicit electron correlation
and its faster approach to the CBS limit are useful for the accurate prediction of
the rovibrational spectral data. This will allow computational chemistry to assist
in the potential astrophysical and atmospheric detection of Al-bearing species that
may contribute to dust grain formation or unique atmospheric chemistry. Further,
this will provide reference data to assist in laboratory studies of said species that are

noticeably lacking from the present literature.
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CHAPTER 6

Investigating the Spectral Constants and Formation Pathway of Aluminum Nitrides

from AIH and NHjs

Reprinted from Palmer C. Z.; Johns, J. A.; Fortenberry, R. C. submitted 2025,
DOIL:TBD

Abstract

Reactions of AIH and NHj3 are shown to produce Al-N containing species
that could potentially contribute to the composition of dust grains, like the Murchi-
son CM2 chondritic meteorite. The present computational study couples explicitly
correlated coupled cluster theory and density functional theory to produce a gas-
phase chemical formation pathway from AIH and NH3 to Al4N4Hg, a stable, cubic
structure with the proper Al/N ratio expected of larger aluminum-nitride species.
Rovibrational spectroscopic analyses of HAINH;3, AINH,, AIbNoHy, and Al;N4Hg re-
veal consistently intense vibrational transitions and large absorption cross-sections
of modes associated with spectral features typically associated with dust grain for-
mation in circumstellar media. The v5 wagging frequency for Al;N,Hg at 748.8 cm ™!
(13.35 um) exhibits a vibrational transition intensity of 428 km mol™!, more than
5x larger than the antisymmetric stretch in water. Hence, the present formation
pathway and rovibrational analysis should assist in the potential detection of a class

of inorganic molecules that may contribute to the nucleation and formation of dust

in protoplanetary disks and stellar outflows of AGB stars.
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6.1 Introduction

Aluminum nitrides (AINs) are a promising molecular class that may con-
tribute to the nucleation and formation of dust grains in astronomical regions, ulti-
mately leading to the development of larger rocky bodies in warmer inner protoplan-
etary disks or circumstellar envelopes of AGB stars. These stand in contrast to the
long-theorized alumina (Al,O3) species. 8618 Through laboratory examinations of
samples of the Murchison CM2 chondritic meteorite,*® the abundances of aluminum
(Al) and nitrogen (N) therein were seemingly correlated to such a degree that the
Al in the silicon-carbide samples were present as AIN or even AIN inclusions. The
suggested presence of the AIN inclusions posits that in carbon-rich protoplanetary
environments, Al and N species can form favorably as nucleating species to begin
the dust formation process. Although alumina (Al;Os) is theorized to be the pri-
mary Al-containing compound contributing to dust grain nucleation, 8618 the lower
oxygen abundances in C-rich regions may reduce competition for the available Al.
Without major competition, the formation of AIN may be more likely, similar to
the formation of CHJ in HyO-poor regions of the ISM.?*"?% Furthermore, since a
monomeric form of AlyOs has yet to be astrophysically observed despite searches
for it, 189190192 a4y investigation of other Al-bearing species is warranted to further
study the mechanism of formation for dust grains in protoplanetary regions within
circumstellar media (CSM) and the interstellar medium (ISM).

While previous studies on the formation of AIN clusters are limited, a pre-
vious computational study?®® has shown that successive additions of AlH; and NHs
must overcome an initially raised energetic barrier of ~2.0 kcal mol™ (~1000 K).
Once surpassed, this process can lead to the formation of larger aluminum nitride

clusters, such as AINH4, AINHg, and even cyclic AlyNoH,. However, the ~2.0 kcal

mol~! barrier suggests that AIN species may form favorably only in the warmer inner
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regions of protoplanetary disks, where dust grain nucleation and formation are al-
ready taking place. Furthermore, the aforementioned computational study predicts
fundamental anharmonic vibrational frequencies for AIH3, AINHg, and AINH, that
fall within the 13 pum spectral feature typically associated with elusive contributors
to dust grains. ¥ Additionally, these AIN species exhibit spectral features at 11,
20, and 28 pm, which are considered correlating, or potentially competing, features
for contributing to the 13um dust emission feature, similar to Al;03.1%

Although the previously predicted AIN formation pathway culminates in a
cyclic AIN structure, AlH3 has yet to be detected in the ISM potentially limiting the
validity of the aforementioned reaction mechanism. Though access to more hydrogen
atoms has been shown to benefit the progress of reaction pathways,?°%207 the previ-
ously observed aluminum monohydride (AlH) species detected toward Mira variable

stars such y Cyg and o Ceti??®

may serve as a more realistic reactant with NHjs to
form the cyclic AI,NoHy species. Thus, this present quantum chemical study pro-
poses a novel formation pathway for larger AIN dust-nucleating species, starting from
AlH and NHj. The first product along the pathway, AINH,, is isoelectronic with the

d?27:228 and detected AIOH molecule which has been considered a

previously studie
dust precursor. ¥ As such, this pathway would support the formation of AIN species
that may contribute to dust grain nucleation and growth within protoplanetary disks
or the circumstellar envelopes of AGB stars.

To support the proposed formation pathway of larger AIN species, the present
quantum chemical work provides the rovibrational spectroscopic data necessary for
comparison to observation for key species along the pathway. These rovibrational

25,66

spectroscopic data are computed utilizing the quartic force field (QFF) approach

in conjunction with vibrational perturbation theory at second order (VPT?2).67:74.75,118

A QFF is a fourth-order Taylor series expansion of the potential energy portion of
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the internuclear Watson Hamiltonian and, when combined with an accurate quantum
chemical method, has historically produced rovibrational spectral constants to within
0.1% of experimental values for numerous molecular systems. 4%:76:80,97,98,101,184,260,261
Thus, the spectral data provided herein will provide support for infrared (IR) and
radioastronomical observations with tools such as the James Webb Space Telescope
(JWST) and the Atacama Large Millimeter/sub-millimeter Array (ALMA), respec-
tively. Consequently, the formation pathway and rovibrational analysis will assist the

potential astrophysical detection of AIN as an alternative species that are potentially

contributing to dust grain nucleation and propagation in CSM and the ISM.

6.2 Computational Methods

6.2.1 Reaction Mechanism Methods

For the minima along the reaction pathways presented herein, geometry opti-
mizations, single-point energies (SPE), and zero-point vibrational energies are com-
puted utilizing coupled cluster theory at the singles, doubles, and perturbative triples

level [CCSD(T)].5258208 The CCSD(T) method further incorporates the explicitly

correlated F12b formalism 6264

along with the corresponding cc-pVTZ-F12 basis
set; ™17 this CCSD(T)-F12b/cc-pVTZ-F12 level of theory is abbreviated “F12-
TZ” hereafter. Each of the minima computations are conducted using the MOLPRO

2024.1 suite of quantum chemical packages.?5?

To accurately describe the energetic
profile of the formation pathway, geometry optimizations of the transition states and
larger species are first conducted with the B3LYP density functional?'®?!! at the
aug-cc-pvtz (aTZ) level of theory.?'? Following this, an F12-TZ SPE and harmonic
vibrational frequency computation are conducted for each optimized transition-state

structure, '3 with corrections applied using the zero-point vibrational energy (ZPVE)

from the harmonic frequency computation. Finally, all transition-state computations
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are conducted via GAUSSIAN16. 120

6.2.2 Rovibrational Spectroscopic Methods

The QFFs computed herein are conducted utilizing a hybrid methodology
that is based on the aforementioned F12-T7Z level of theory referred to as “F12-
TcCR+TZ” defined below. The use of a hybrid method indicates that the harmonic
and anharmonic force constants (FC) are computed at different levels of theory.*? In
this case, the “4+T7Z” portion specifies that the anharmonic FCs are computed at the
F12-TZ level of theory. However, the harmonic FCs are computed at a composite
level of theory that includes corrections from explicit core electron correlation “cC”
and Douglas-Kroll scalar relativity “R” 7 from the cc-pCVTZ-F12 basis set?*> and
the cc-pVTZ-DK basis set,?#324 respectively. A recent computational benchmark-
ing study?% has shown that the use of hybrid methodologies, like F12-TcCR+TZ,
predicts accurate rovibrational spectroscopic data to within 0.2% error compared to
experimental gas-phase data for Al-containing species with higher bond orders much
like the AIN species investigated herein. The hybrid procedure is preferred over
the composite F12-TcCR level of theory as it fails for the large amplitude motions
typically found in aluminum bonds.'® However, as the size of the AIN molecules of
interest increases, the computational cost of the triple-( basis sets become untenable
even for the hybrid methodology. Thus, for the final product along the pathway,
the full QFF is computed at the comparable double-( F12-DcCR+DZ hybrid level
of theory.*?

Regardless of the level of theory, the QFF procedure is conducted within the
automated PBQFF framework.? The PBQFF procedure begins with a geometry opti-
mization of the species at the chosen level of theory using the MOLPRO program 262

with tight convergence criteria. Next, the optimized geometry in Cartesian coor-
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dinates is displaced by 0.005 Aand mimics a QFF but the expansion is truncated
to the second order yielding a Cartesian harmonic force field (HFF). Each of these
displacements then has a SPE computation performed, subsequently producing a
harmonic force constant (FC) matrix. The eigenvectors of this Hessian matrix corre-
spond to the normal coordinates for the molecule in question. Then, the optimized
geometry is displaced along these normal coordinates, and SPE computations are
performed for each displacement to fill out the semi-diagonal QFF. Once the SPE
computations are completed, the final, normal FCs are computed utilizing a finite
difference procedure.

These normal FCs are then passed to a VPT2 algorithm 6777118 within the
PBQFF framework originally based on the SPECTRO program.® The VPT2 algorithm
yields harmonic and fundamental anharmonic vibrational frequencies, vibrationally-
averaged and singly-vibrationally-excited rotational constants, and quartic and sextic
distortion constants. Finally, the rovibrational spectral data are further improved by
the inclusion of type-1 & and -2 Fermi and Coriolis resonances in the computation
of the rovibrational spectra. The inclusion of these resonances have been shown to
increase the accuracy of computed rovibrational spectral data.”>119:216:264 The de-
scriptions of the fundamental vibrational frequencies are defined as symmetric (S)
and anti-symmetric (AS) stretches or bends and out-of-plane bends (OPB). Finally,
in order to assist in the potential laboratory or astrophysical observation of a new
class of dust grain nucleating species, dipole moments for applicable AIN species
are computed with F12-TZ in MOLPRO 2024.1, and anharmonic IR intensities are
computed with B3LYP/aTZ in GAUSSIAN16. Finally, absorption cross-sections are
calculated for each applicable vibrational frequency in order to assess a given funda-
mental’s probability of IR absorption as described in the previously mentioned AIN

formation pathway study.?%
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Figure 6.1: Reaction formation profile from AIH and NHj to T; Al;N4Hg. Relative

energies are in kcal mol~!. White atoms indicate H, blue atoms indicate nitrogen,
and gray beige indicate Al.

6.3 Results and Discussion

The formation pathway of larger, cyclic AIN species, along with their cor-
responding equilibrium geometries is shown in Fig. 6.1. The first step along the
formation pathway involves the dative bonding of Ry (AIH) and Ry (NHj) to form Iy
(HAINH3), which is lower in energy by ~11.5 kcal mol™!. This initiating step then
means that subsequent chemical species can be produced from these reactants includ-
ing the first product, P;. While the P; species (AINH,) is lower in energy relative

to the reactants by 28.0 kcal mol~', HAINH; must first overcome a raised transition

barrier of ~8.6 kcal mol~! relative to the reactants. This initially raised barrier

mimics the behavior of the previously computed formation pathway on AlH3 and
NH;2% but is higher in energy than the previous pathway by a factor of roughly
4.5. Consequently, much like the previous work on AlH3 and NHj3, the computed
formation pathway is unlikely to commence in the diffuse, cold ISM.

Since the theorized presence of condensed AIN within the Murchison CM2
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meteorite suggests its presence before the condensing of the full meteorite,*® the
AIN within would have likely condensed in a warmer environment supporting dust
grain formation. While warmer, inner protoplanetary disks may be suitable regions
for some AIN dust grain formation, the blackbody radiation from young stars (~500
to 1500 K)?® alone, at face value, is insufficient to directly facilitate the production
of the larger AIN species proposed in the present pathway. However, a Boltzmann
distribution for the population of TS; created from the reactants reveals that at
least 1.00% of T'S; is generated at ~940 K. This energy requirement is within the
previously mentioned ambient temperature range of protoplanetary disk for limited
production of AINH,. In order to produce a more appreciable population of AINH,,
the 8.6 kcal mol™! barrier must be overcome in larger numbers. In contrast to proto-
planetary environments, many highly evolved asymptotic giant branch (AGB) stars
are known to exhibit significantly high blackbody radiation (1250—8500 K)?19:265
that can easily overcome the energy requirement necessary for the proposed path-
way. Additionally, AGB stars are known to undergo significant mass loss regularly
contributing ample amounts of dust-forming material to the surrounding interstellar
and circumstellar environments.22%22! Therefore, dust-forming environments around
AGB stars, where ejecta accumulate, may be more suitable for the appreciable pro-
duction of the proposed AIN species than protoplanetary disks.

Provided that T'S; can be overcome in such environments, the successful pro-
duction of AINH,, again in Fig. 6.1, is highly likely since all subsequent steps along
the proposed pathway are submerged relative to AINH,. Hence, barrierless formation
of larger AIN species is achievable much like previously computed pathways forming
aluminum oxides.8%2% In contrast, the previously computed AIN pathway starting
from AlHj3 contains multiple instances of barriered transitions between products and

their preceding intermediates.?® Therefore, the present formation pathway may be
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more likely to occur since such phenomena are not present. Regardless, I; shows the
dimerization of AINH, into a bent, cyclic structure due to the interaction between
the nitrogen atom’s lone pair and the empty p-orbitals on the Al atom in the pres-
ence of its lone pair. From there, Iy undergoes an intramolecular hydrogen migration
through TS, to I3, seemingly stabilizing the structure by delocalizing the electron
density into the overall cyclic structure. I3 then follows a similar intramolecular hy-
drogen migration through TSj further stabilizing the overall structure forming the
cyclic Py (AlaNoHy) species. However, the hydrogen migration could be subverted if
H-atom tunneling occurs further enhancing the population of P, relative to I or Is.
Tunneling is more common at lower temperatures, but such behavior of the H-atom
is not limited to those temperatures.?%® Regardless, the previous computational for-
mation pathway?® also concludes with formation of this cyclic Al,NoH, structure
(P2) but implies that it may go on to form larger structures. That being said, a
natural, larger structure would be the dimerized form of Al;NsH,4. This structure is
realized and included in the reaction pathway as the concluding molecular species
herein, P3 (Al4N4Hg). This species is the largest AIN molecule of the pathway and
forms a cube-like structure ~325 kcal mol™! below AINH,. As the energy of the
Al4N4Hg is nearly triple the total energy of AloNoH, further suggesting the stability
of Al;N4Hg such that it may not back-dissociate allowing some radiative association
to take place to produce observable amounts of this material. Additionally, if an Hy
were to dissociate from Al,NoHy similar to the transition from HAINH3 and AINH,,
the resulting energy of Al,NyH, would sit ~ 90 kcal mol™! higher in energy than
AlyNoHy, as shown in the upper-right of Fig. 6.1. Thus, the energetically favorable

last step in this reaction is the dimerization of Al,NoHyinto Al;N,4Hsg.
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Table 6.1: Rotational Constants (in MHz) and for AINHy, HAINH3, and AlyNoHy
at the F12-TcCR+TZ level of theory following the same order as the vibrational
frequencies. Dipole moments (in D) for AINH, and HAINH; are also provided.
Previous theoretical data in parentheses from Ref. 4

Const. AINH, | HAINH; | AIbNoH, | Al4N4Hg
A 372521.1 (371964) | 94963.1 8961.0 1446.4
B, 14208.0 (14059) 9073.1 4997.1 1446.4
Ce 13686.0 (13547) 8658.6 3208.1 1438.9
Ao 371856.6 (371383) | 94305.0 8880.3 1438.8
By 14180.2 (14030) 8815.0 4994.7 1438.5
Co 13626.4 (13487) 8419.8 3195.8 1431.6
Ay 368308.0 | 94179.4 8874.6 1438.2
By 14154.6 8823.1 4986.7 1437.7
Ch 13600.9 8426.8 3191.8 1430.9
As 365483.1 | 93975.8 8874.5 1438.1
By 14161.6 8837.6 4986.7 1437.8
Cs 13600.6 8440.2 3191.8 1430.9
Az 377425.8 | 93837.6 8880.3 1438.6
B3 14204.8 8831.5 4989.4 1438.2
Cs 13615.8 8435.2 3193.6 1431.2
Ay 371671.4 | 93994.9 8880.1 1438.6
By 14068.5 8838.5 4989.6 1438.2
Cy 13524.1 8426.3 3193.7 1431.2
As 386936.5 | 93750.3 8852.5 1439.7
Bs 14283.0 8823.0 5021.8 1439.3
Cs 13655.8 8440.1 3198.3 1431.8
Ag 359985.7 | 92854.3 8897.5 1438.5
Bg 14152.6 8830.6 4981.3 1438.1
Cs 13642.0 8425.4 3188.6 1431.9
Az 94234.3 8871.5 1438.9

Continued on next page
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Table 6.1 — continued from previous page

Const. AINH, | HAINH;3 | AlbNoH, | AlLN,Hg
By 8735.9 4986.0 1438.5
Cy 8348.5 3194.5 1431.8
Ag 94794.3 8860.7 1438.7
Bg 8724.7 5018.3 1438.3
Cs 8317.1 3194.5 1431.2
Ag 98803.7 8858.8 1437.9
By 8746.3 4996.3 1437.5
Cy 8364.5 3190.8 1430.9
Ajp 91463.8 8868.8 1437.9
Bio 8728.8 4987.5 1437.5
Cio 8320.0 3188.2 1430.8
An 94404.6 8906.1 1438.4
Bn, 8624.1 4992.3 1438.0
Ciy 8243.4 3193.7 1431.2
Ay 94050.4 8857.7 1438.5
Bis 8720.2 4992.0 1438.1
Cio 8372.2 3197.2 1431.4
Ars 8876.9 1439.3
Bis 4997.1 1438.9
13 3194.4 1430.5
Ay 8858.7 1438.4
By 4992.7 1437.9
Cha 3197.4 1431.3
Ass 8876.7 1441.8
Bis 5006.9 1439.3
Cis 3198.0 1430.9
Ase 8890.9 1435.1
Big 4984.3 1436.1

Continued on next page
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Table 6.1 — continued from previous page

Const. AINH, | HAINH; | ALN,H, | ALN,Hg
Chs 3194.0 | 1430.7
Ay 8847.7 | 14386
Bir 4994.9 | 14382
Ch7 3197.6 |  1431.3
Asg 8849.7 |  1438.6
Bis 4996.3 | 14382
Cis 3201.5 | 14313
1 1.21 (1.21) 504 | 32015 | 14313

6.3.1 Rovibrational Spectroscopic Analysis

In order to confirm the validity of the formation pathway, these molecules
must be observed in progression. As such, the computed rovibrational spectroscopic
constants for the minima of Fig. 6.1 (HAINH3, AINH,, Al,NoH,, and Al;N,Hg) are
reported herein and will serve as reference data for further laboratory analysis and
potential astrophysical detection. To that end, the rotational spectroscopic constants
are reported in Table 6.1, the quartic and sextic distortion constants from the A- and
S-reduced Watson Hamiltonian are reported in Tables 6.3 & 6.4, and the fundamental
vibrational frequencies are reported in Tables 6.2 — 6.7. Of the four molecular species
further investigated herein, AINH, is the only molecule with previous theoretical®
rovibrational and experimental?6” Ar matrix vibrational data for comparison. Ar
matrices are known to redshift the observed vibrational frequencies of a given species
from their gas phase value by as much as Av =9 — 20 cm™!.226 However, based on
the prior benchmarking studies, #>263:2%% the present F12-TcCR+TZ level of theory is
shown to predict rovibrational spectroscopic data for molecules containing the A1—N
moiety that reasonably correct the redshifted vibrational frequencies typically seen in
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Table 6.2: Harmonic and anharmonic vibrational frequencies (cm™!), f IR intensities
(km mol™!) with absorption cross sections in parentheses (1072° cm?), A wavelength
(um), and g dipole moment (D) for Cs HAINH;.

Mode Symm Desc. Harm. Anharm. f A
vy a S stretch (NHg) 3604.4 3426.3 28 (3) 2.92
V2 a’ AS stretch (NHaz) 3580.3 3401.0 17 (2) 2.94
v3 a S stretch (NHj) 3460.2 3313.9 3(0.4) 3.02
s a’ Wag (HNH,) 1661.2 1641.6 13 (2) 6.09
vs a S /(NHy) 1660.8 1609.6 20 (4) 6.21
Vg a’ AlH stretch 1620.4 1557.3 654 (100) 6.42
vr o OPB (NHs) 1208.8 1149.9 135 (40) 8.70
vs a’ S Z(HAINH) 773.3 734.2 75 (50) 13.62
Vg a’ Wag (AINH3) 441.2 430.5 1(1) 23.23
V10 a’ AS /(HAINH) 430.8 414.0 4 (6) 24.15
V11 a’ AIN stretch 288.5 266.8 22 (0) 37.48
via o’ T 161.6 131.1 1 (0) 76.28
o 5.04

ZPT 9277.7

Table 6.3: Quartic and sextic distortion constants in the Watson A-reduced Hamil-
tonian for AINH,, HAINH3, and Al;NoHy at the F12-TcCR+TZ level of theory and
Al4N4Hg at the F12-DZ level of theory.

Const. AINH, HAINH3 AlaNoHy Al4N4Hg
Ay 20.676 (kHz) 35.284 (kHz) 1.161 (kHz) 52.101 (Hz)
Ak 42.430 (MHz) 987.824 (kHz) 5.876 (kHz) —12.928 (Hz)
N 1.917 (MHz) 50.531 (kHz) ~1.232 (kHz) 17.538 (Hz)
S5y 799.281 (Hz) 1.692 (kHz) 432.213 (Hz ) 2.305 (Hz)
Sk 1.058 (MHz) —241.295 (kHz) 1.534 (kHz) —22.568 (Hz)
o, —44.049 (mHz) ~9220.065 (mHz) 781.282 (uHz) 2.036 (uHz)
Dy 417.398 (kHz) —15.763 (Hz) 20.620 (mHz) 288.623 (puHz)
Dy 458.720 (Hz) 854.246 (mHz) —2.178 (mHz) 125.771 (pHz)
(i3 14.427 (kHz) —10.371 (Hz) —9.787 (mHz) —412.484 (nHz)
; 20.437 (mHz) —9.352 (mHz) 387.504 (pHz) 0.717 (pHz)
ik 233.663 (Hz) 2.573 (Hz) —1.328 (uHz) —5.424 (uHz)
b 116.515 (kHz) —7.827 (Hz) 10.996 (mHz) 18.430 (pHz)

Ar matrix data. That being said, the present spectral data presented herein should
be considered accurate and reliable to serve as reference data for further laboratory

analysis and potential astrophysical detection.
6.3.1.1 HAINH;

In the warm, inner portion of a protoplanetary disk, HAINH3 may be a more
likely species for detection, given the energy needed to overcome the first transition

state barrier. The HAINH3 molecule’s fundamental vibrational frequencies, shown
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Table 6.4: Quartic and sextic distortion constants in the Watson S-reduced Hamil-

tonian for AINHy, HAINH;3, and AILbNsH, at the F12-TcCR+TZ level of theory and
Al4N4Hg at the F12-DZ level of theory. Previous theoretical data in brackets from

Ref. 4

Const. AINH> HAINH3 AlaNoHy Al4N4Hg
Dy 20.291 (kHz) 35.575 (kHz) 1.019 (kHz) 63.384 (Hz)
Dk 1.919 (MHz) [1.872] 48.788 (kHz) —384.751 (Hz) ~50.161 (Hz)
Dy 42.428 (MHz) [44.239] 989.276 (kHz) 5.170 (kHz) 43.488 (Hz)
& —799.281 (Hz) ~1.692 (kHz) 432213 (Hz) ~2.305 (Hz)
ds ~192.468 (Hz) 145.225 (Hz) ~70.601 (Hz) 5.642 (Hz)
Hy —129.406 (mHz) —218.587 (mHz) 596.596 (uHz) —1.575 (uHz)
Hyx 327.615 (Hz) —160.733 (mHz) —3.804 (mHz) —183.408 (pHz)
Hyy 14.865 (kHz) ~7.009 (Hz) ~1.596 (mHz) 672.266 (uHz)
Hy 417.091 (kHz) ~18.111 (Hz) 14.241 (mHz) —483.339 (uHz)
h1 14.450 (mHz) —9.503 (mHz) 356.043 (pHz) —19.959 (puHz)
ha 42.679 (mHz) 738.685 (uHz) 92.343 (uHz) 1.805 (uHz)
hs 5.987 (mHz) 151.384 (uHz) 31.461 (uHz) 20.676 (uHz)

in Table 6.2, contains intense vibrational transitions, with the 4 A1—H stretch being
the most intense at 654 km mol~!. This is substantially more intense than the
antisymmetric (AS) stretches of HoO at 70 km mol™! and CO; at ~475 km mol ™,
which are known to be intense vibrational transitions. Hence, even if this molecule
is transient, it may produce detectable signals. Additionally, the »» NH3; OPB and
vy /HAINH bend are also more intense than the AS stretch in water with intensities
of 135 and 75 km mol™!, respectively. Additionally, v5 at 734.2 cm™! falls in a
wavelength range within the 13 pum dust grain feature that the Al—O stretching
motion to which Al,O3 is also attributed.®7188 In terms of rotational observation,
the rotational constants and dipole moment for HAINHj3 are presented in Table 6.1.
HAINH; possesses a substantial permanent dipole moment of 5.04 D that is on par
with previously studied AIN species??® such as AINHg at 5.40 D. A permanent dipole
moment of 5.04 D is notably larger than known species like H,O at 1.84 D or even
previously detected AIOH at 1.11 D.?27228

HAINHj also exhibits three relatively large absorption cross-sections with the

largest being the g AIH stretching mode at 100 x1072° ¢m? followed by the vy

/HAINH bend at 50 x1072° em?. Previous experimental absorption cross-sections
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Table 6.5: Vibrational frequencies (cm™!), IR intensities (km mol~!) with absorption
cross sections in parentheses (1072° ¢cm?), wavelength (p), and dipole moment (D)
for CZU AlNHQ

Mode  Symm.  Desc. Harm.  Anharm. f A Expt.® (Av)  Prev. Theory®
" by AS (NH) 3624.8 3441.7 12 (1) 291  3495.1 (—53.4) 3433.8
Vo a1l S (NH) 3529.5 3364.0 1(0.1) 2.97 - 3356.5
V3 a1l S /(NHs) 1557.9 1526.0 43 (8) 6.55 1520.3 (5.7) 1525.7
V4 al AIN 753.9 739.5 107 (50) 13.52 726.5 (13.0) 734.9
vs by AS /(NHy)  460.3 450.0 1(1) 2222 = 444.3
Ve by OPB 425.3 423.1 163 (200)  23.64 406.5 (16.6) 398.2
u 1.21 1.21
ZPT 5104.6 5077.4

¢ Ar matrix frequencies from Ref. 267
b Previous theoretical data from Ref. 4

for IR transitions in water have been found to range between 1.6 x1072° em? and
8.4 x1072 ¢m?2.269 As absorption cross-sections are a function of the wavelength of
the transition, there cannot be a direct comparison for accuracy. However, the water
cross-sections are on a similar order of magnitude suggesting semi-quantitative agree-
ment, and, therefore, the presently computed absorption cross-sections for the AIN
species investigated herein are accurate and reliable probabilities of IR absorption.
Hence, considering the intense vibrational transitions, large absorption cross-sections,
and large permanent dipole moment, HAINH;3 should be considered a viable candi-
date for radioastronomical and IR detection in warmer inner protoplanetary disks
as it may persist long enough for appreciable observation and could be a marker for

this species participation in the nucleation of carbonaceous dust grains.
6.3.1.2 AINH,

As mentioned previously, AINH, is the only species with previous rovibra-
tional data for comparison®2%” The rotational and vibrational data for AINH, are
shown in Tables 6.1 & 6.5, respectively. The previous theoretical data are computed
at the CCSD(T)/aug-cc-pV(Q+d)Z level of theory which is a lower level compared
to the F12-TcCR+TZ level of theory utilized herein. The difference between the

present and previously computed equilibrium and ground-state rotational constants
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is small with less than a ~1% difference. However, as the present work is conducted
at a higher level of theory, any difference between the present and previous data
should be considered an improvement over the CCSD(T)/aug-cc-pV(Q+d)Z level of
theory. In terms of the dipole moment, AINH, contains a small dipole moment of
1.21 D, which is corroborated by the previous theoretical work.? While not as large
as the 5.04 D dipole moment from HAINH3, AINHy’s dipole moment is larger than
the aforementioned and astronomically-observed AIOH molecule’s dipole moment of
1,11 D, 227228

Some of the vibrational frequencies between the present and previous are
fairly similar with others varying to slightly larger degrees. The closest is the v3 S
/NH, bend at 1526.0 cm ™!, which is 0.3 cm™! higher than the previously computed
value. However, again, any difference between the present and previous theoretical
vibrational frequencies should indicate and increase in accuracy from the present F12-
TcCRA+TZ hybrid level of theory. Toward the experimental data, there are only four
Ar matrix vibrational frequencies for comparison in Table 6.5. While three of these
four frequencies are sufficiently corrected by the F12-TcCR+TZ level of theory, as
suggested by the previous benchmarking study,?% the AS N—H stretch is predicted
to be further redshifted from experiment by 53.4 cm~!. However, the previous Ar ma-
trix study used harmonic frequencies calculated with the B3LYP density functional
and the relatively small 6-311G(d) basis set to guide the frequency assignment of the
Ar matrix data to the AINH, species. However, the previous theoretical vibrational

l'is in a similar range to the presently computed frequency

frequency at 3433.8 cm™
at 3441.7 cm~!. Additionally, this previously assigned AS N—H mode exhibits a rel-
atively low transition intensity. Therefore, the Ar matrix frequency for the AS N—H

stretch, at 3495.1cm ™!, may have been a misattribution. The excellent prediction of

rovibrational spectroscopic constants in the previous benchmarking study?%® for the
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F12-TcCR+TZ level of theory further suggests this assessment. Thus, the present
computed anharmonic vibrational frequencies should be accurate reference data in
further laboratory analysis of the AINH, species as well as potential astrophysical
detection.

Additionally, AINHy exhibits two intense vibrational transitions when com-
pared to the aforementioned water transition. The v OPB is the most intense of
the two at 163 km mol~! followed closely by the v4 AIN stretch at 107 km mol~!.
Of these two intense transitions, the AIN stretch at 739.5 cm ™! also falls within the

186,189 and carries the second highest absorption

aforementioned 13 pm dust feature
cross-section for the molecule at 50 x1072° em?. While the v OPB at 423.1 cm ™!
has a substantially larger absorption cross-section, 200 x1072° ¢m?, the IR resolving
power of the instruments onboard JWST is diminished below ~400 cm~!. Therefore,
the v OPB may not be suitable for observation compared to the less intense v, AIN
stretch.

In terms of viability, the production of AINH; follows a relatively high energy
barrier, which may be more efficiently overcome in the warmer ambient tempera-
tures surrounding stellar outflows of advanced AGB stars, as discussed previously.
However, while AINH, is produced, the present pathway suggests its dimerization
and the subsequent barrierless formation of larger AIN species. If AINH, production
in these AGB outflows is sufficiently efficient, larger AIN species may exist at higher
population densities than AINH,, making them more appreciable for observation.
Regardless, the rovibrational spectral data for AINH, is presented for completeness

and will serve as reference data for further laboratory and computational analysis,

if not for astrophysical detection.
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Table 6.6: Vibrational frequencies (cm™!), IR intensities (km mol~!) with absorption
cross sections in parentheses (1072° ¢cm?), wavelength (p), and dipole moment (D)
for DQh A12N2H4

Mode Symm. Desc. Harm. Anharm. f A
V1 bay AS (NH) 3695.7 3537.6 38 (4) 2.83
V2 ag S (NH) 3694.6 3528.7 0 (0) 2.83
Vs ag S (AlH) 1991.1 1925.6 0 (0) 5.19
vy b1y AS (AlH) 1983.2 1926.2 425 (60) 5.19
vs biu S Z(AINH) 873.5 845.0 232 (100) 11.83
Vg bay AS (AIN) 862.6 939.9 0 (0) 11.59
vr ag AS Z(AINH) 845.1 808.3 399 (200) 12.37
Vg b3g Ring Breathing 838.5 839.5 0 (0) 11.91
Vg biu S (AIN) 745.5 726.3 127 (80) 13.77
V10 bsg AS /(NAlp) 681.5 642.0 0 (0) 15.58
Vi1 bay S Z(NAIH) 583.7 662.5 56 (40) 15.09
V12 b3y S Wag (NH) 574.6 541.9 144 (200) 18.45
V13 b3g AS /(NAIH) 557.1 582.9 0 (0) 17.16
V14 b3y S Wag (AlH) 502.7 548.3 226 (300) 18.24
V15 bag AS Wag (AlH) 495.5 463.2 0 (0) 21.59
V16 ag S Z(NAly) 483.8 459.0 0 (0) 21.79
vi7 big AS Wag (NH) 392.0 374.4 0 (0) 26.71
V18 b3y OPB 205.1 322.0 2 (0) 31.06
I 0.00
ZPT 9958.4

6.3.1.3 ALNyH,

Upon the successful hydrogen migrations in TSy and TS3 as shown in Fig. 6.1,
the cyclic Dy, AlsNoHy is formed and, due to its Dy, symmetry, exhibits no perma-
nent dipole moment. The lack of a permanent dipole moment leaves it entirely
undetectable via rotational spectroscopy. Consequently, the anharmonic vibrational
frequencies computed herein are crucial for assisting laboratory studies and potential
space-based IR observations of AILNoH,, and the computed, anharmonic fundamen-
tal vibrational frequencies for AloNoH, are shown in Table 6.6. Much like HAINHj,
Al;NyHy exhibits multiple exceedingly intense vibrational transition intensities. The
vy AS Al—H stretch at 1926.2 cm ™! is the most intense transition at 425 km mol ™"
followed closely by the v, AS /AINH bending mode at 808.3 cm ™! with a transition
intensity at 399 km mol~!. While these are not as intense as the AS stretch in COs,
they are markedly more intense than that of water.

Additionally, AlyNoH, exhibits six vibrational frequencies with large absorp-
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Table 6.7: Vibrational frequencies (cm™!), IR intensities (km mol~!) with absorption
cross sections in parentheses (1072° ¢cm?), wavelength (p), and dipole moment (D)
for Td A14N4H8

Mode Symm. Desc. Harm. Anharm. f A
V1 to AS (NH) 3592.5 3419.4 24 (3) 2.92
V2 al S (NH) 3590.1 3415.9 0 (0) 2.93
Vs a1 S (AIH) 1976.2 1911.8 0 (0) 5.23
vy to AS (AlH) 1964.8 1885.6 345 (50) 5.30
U5 to S Wag (NH) 837.9 748.8 428 (200) 13.35
Vg e AS Wag (NH) 826.7 779.3 0 (0) 12.83
vy t1 AS /(HNAL) 764.8 756.9 0 (0) 13.21
vg to S (AIN) + AS (NN) 748.8 684.3 354 (200) 14.61
Vo a1 S (AIN) 738.2 692.5 0 (0) 14.44
V1o to AS (AIN) 641.4 635.0 93 (60) 15.75
Vi1 e AS (AIN) + AS (NN) 608.0 471.3 0 (0) 21.22
V12 t1 AS (AIN) 541.1 481.4 0 (0) 20.77
V13 al S (Al Breathing) 521.4 484.6 0 (0) 20.64
V14 to AS Wag (AlH) 507.0 447.3 21 (30) 22.36
V15 e AS (AIN) 468.1 278.4 0 (0) 35.92
V16 t1 AS Z(NAIN) 462.3 341.8 0 (0) 29.26
vi7 to S Z(NAIN) 344.5 245.8 1 (0) 40.68
V18 e T 300.4 301.0 0 (0) 33.22
I 0.00
ZPT 20466.0

tion cross-sections. The largest of which is associated with v, at 300 x107% c¢m?,

but, like AINHj,, the detection of this frequency may be hindered by the loss in
resolving power as mentioned previously. However, vy, v7, and 1y all exhibit in-
tense vibrational transitions and relatively large absorption cross-sections that are
also attributed to wavelengths associated with dust grain formation between 11—13
pm. Thus, AlsNoHy likely exhibit a sufficient amount of observable data. Therefore,
Al;N5yHy should be considered a suitable candidate for potential astrophysical obser-
vation in the IR of an undetected dust grain nucleation species that may contribute
to the formation of carbonaceous dust in the envelope of advanced AGB stars if not

warmer, inner protoplanetary disks.
6.3.1.4 AlN,H;

Finally, upon the successful dimerization of Al;NoHy, the stable, cubic Al;N,Hg
species is formed, and, much like Al;NsHy, exhibits no permanent dipole moment

given its higher-order 7, symmetry. Again, this makes the anharmonic vibrational
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frequencies computed in this work, shown in Table 6.7, that much more crucial in
order to assist potential astrophysical characterization of AIN species in the ISM or
CSM. Another consequence associated with the higher-order symmetry of Al4N4Hg,
similar to AlyNoH,, is the reduced number of IR-active fundamental vibrational
modes. However, what few IR-active modes there are exhibit intense vibrational
transitions. For example, the v5 N—H wagging mode at 748.8 cm ™! exhibits a vibra-
tional transition intensity of 428 km mol~! followed closely by g, a coupled S A1-N
and AS N—N stretching mode, and v4, S Al-H stretching, at 354 and 345 km mol !,
respectively. Again, compared to water, these vibrational transitions are exceedingly
intense and should be considered sufficient for potential astrophysical detection. Fur-
thermore, v5 is an intense transition within the 13 pum region much like the other
AIN species investigated here. Additionally, both v5 and vg have large absorption
cross-sections, 200 x1072° e¢m?, indicating that Al;N,Hg is highly likely to absorb
IR radiation significant enough to produce these intense transitions in circumstellar

environments such as AGB stellar outflows.

6.4 Conclusions

Aluminum nitride clusters exhibit intense vibrational transitions and large
absorption cross-sections in the IR regime, specifically in the 13 pm dust feature as
well as the correlated 11, 20, and 28 pum features all associated with dust emission.
As such, AIN clusters may contribute to these features most often associated with
AlO clusters. Additionally, the present formation pathway suggests the formation of
AIN species in both protoplanetary disks as well as stellar ejecta of advanced AGB
stars. Within protoplanetary disks, for appreciable population densities of larger
AIN species, the formation pathway must initiate in the inner circumstellar enve-

lope to overcome the ~ 8.6 kcal mol™! transition barrier. However, a more efficient
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production of AINH,, and subsequently AlsNoH, and Al;N4Hg, can be achieved in
the stellar outflows of AGB stars, as they contain both ample material and higher
ambient temperatures compared to protoplanetary disks. Hence, the present compu-
tational study provides a potential formation pathway of AIN molecular clusters as
theorized in the study of the Murchison CM2 silicon-carbide meteorite?® and conse-
quently, a more robust understanding of the dust grain nucleating processes in and
around circumstellar envelopes.

While the rovibrational spectral data of the first intermediate and three prod-
ucts along the present formation pathway have been computed presently, the first
product, AINH,, serves as the key species in the pathway: its production enables the
subsequent barrierless formation of AlsNoH, and AlyN4Hg. Not only does AINH,
contain intense vibrational transitions and relatively large absorption cross-sections,
AINH,; is the last species along the proposed pathway that contains a dipole moment
that is larger than the previously observed, isoelectronic AIOH species. Conversely,
AlbNoH, and Al4N4Hg exhibit vibrational transitions that are significantly more in-
tense than those of AINHy with absorption cross-sections that are comparable to or
even larger than those of AINH,. Although HAINHj3 contains the most intense vibra-
tional transition at 654 km mol~! around 6.42 ym and the strongest dipole moment
of 5.04 D, it may not persist on timescales long enough for appreciable detection.
Nevertheless, the rovibrational spectral data computed herein for each molecule will
be instrumental in aiding the potential laboratory observation or astrophysical de-
tection of species indicative of larger AIN species production through both ALMA
and JWST.

Each of the AIN species investigated herein exhibits observable anharmonic
vibrational frequencies in spectral ranges that are associated with dust grains as

well as aluminum oxide, namely the 13 um feature. This further suggests that AIN
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species may also contribute to the composition of dust grains and could potentially
assist in elucidating the still relatively unknown molecular pathways to the formation
of larger rocky bodies in circumstellar regions of the cosmos. Thus, the presently
computed rovibrational spectral data will serve as novel reference data for further
laboratory, theoretical, and observational studies to assist in the detection of un-

derstudied alternative Al-containing species that may be present in the CSM and

ISM.
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CHAPTER 7

CONCLUSION

The work herein showcases that QFF's, when applied to highly accurate elec-
tronic structure methods, yield rovibrational spectral data that serves as reference or
complementary data for further laboratory study and astrophysical or atmospheric
detection of molecules. In Ch. 2, the explicitly correlated F12-TZ level of theory
was compared to the long-standing CcCR. level of theory for predicting rovibra-
tional spectral constants of sulfur-bearing molecules. The results show that F12-TZ
achieves significantly lower computational cost than CcCR, with a slight decrease
in accuracy for rotational constants but improved accuracy for fundamental vibra-
tional frequencies compared to gas-phase data. Ch. 3 highlighted improvements
to the F12-TZ level of theory by incorporating core electron correlation and scalar
relativistic corrections, resulting in the F12-TcCR level of theory. This enhanced
approach was used to predict novel rovibrational spectral constants for compounds
containing the elusive fluorine atom in the ISM. In Ch. 4, a novel formation path-
way and rovibrational spectral data for aluminum nitride compounds, starting from
AlH3 and NHj, are predicted at the F12-TZ level of theory. These predictions are
compared to available Ar matrix data to investigate a potential dust grain nucleating
species in circumstellar environments contributing to the 13 ym dust feature. Ch. 5
presents a benchmark study of 10 different levels of theory on several aluminum-
bearing molecules, identifying the hybrid F12-TcCR+TZ level as the most accurate

for predicting rovibrational spectral data of aluminum molecules with a bond order
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greater than one. Finally, Ch. 6 explores another aluminum nitride formation path-
way, starting from AIH and NHjs. The corresponding rovibrational spectral data are
predicted at the F12-TcCR+TZ level of theory when applicable and compared to
available Ar matrix data, proposing an additional set of aluminum nitrides that may
contribute to the composition of dust grains in circumstellar environments.

To better understand the chemical composition of Earth’s atmosphere, the
ISM, and the CSM, quantum chemical techniques must be employed to bridge the
gap between laboratory spectroscopic capabilities and current observational tele-
scopes. The advancements presented herein provide both novel and complementary
rovibrational spectral data derived from highly accurate computational methods that
have been benchmarked and refined over time to closely align with experimental data.
In this way, computational quantum chemical techniques remain relevant and robust
independent astrochemical tools, aiding in the deeper understanding of the physical

world through chemical means.
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APPENDIX A

Supporting information for Chapter 2: “Spectral Signatures of Hydrogen
Thioperoxide (HOSH) and Hydrogen Persulfide (HSSH): Possible Molecular Sulfur
Sinks in the Dense ISM.”

Table Al: Coordinates for Calculating HOSH Dipole Components

A B C
H -0.842633611 0.001714644 -1.417667570
O  0.063234434 -0.011889422 -1.095489670
S -0.004570772  0.045997723  0.565839045
H -0.015725052 -1.276059704 0.808878993
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Table A3: The CcCR Force Constants for HOOH (cont.)
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Fi6.8 -0.0493 Firs 0.3495 Fors 0.0267 F37.5 -0.2811
Firs 0.0103 Fyrs -0.0456 Fsrs 0.0227 Frrs -0.3696
Fiss 0.0518 Frgs -0.1465 Figs -0.0294 Fiss -0.0283
Fsss -0.8099 Foss 0.0351 Frss -0.0188 Fsss 1.0407
Fiig -0.8435 Fiog 0.2596 Fapg 0.0447 Fia.0 0.4438
Frso -0.1410 Fisg 0.0157 Fiao -0.0102 Faag -0.0255
Fiio -0.0024 Fya0 0.0009 Fiso 0.0202 Fyso -0.0316
Fi59 0.0087 Fiso 0.0227 Fss59 0.0351 Fieo 0.0115
Fag.0 -0.0027 Fi6.9 0.0161 Figo 0.0081 Fs6.0 -0.0547
Fs6.9 -0.0161 Fizo 0.8545 Fyr -0.2350 F37.0 -0.4413
Firo 0.0234 Fsro -0.0194 Fsro -0.0081 Frag -0.8842
Fi .0 -0.2831 Fago -0.0185 Fis. 0.1333 Fis.0 0.0197
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Fiq
Fig

0.339642
0.233070
0.000347
0.051486
-0.018962
0.059326
-0.004265
0.001311
-0.087949
0.008299
-0.066734
-0.227729
0.233070
0.177893
0.018962
-0.053980
0.238757
-0.033382
-0.087949
0.066734
0.026371
-0.233070
-0.001422
0.101584
0.000347
0.018962
0.093010
0.004265
-0.158785
0.3477
-0.0291
-0.3388
-0.7730
-0.0487
0.3492
-0.1466
0.2596
0.8543
-0.0183
0.1435
-0.0030
-0.0020
0.0197
-0.0102
-0.0122
-0.0418
-0.0714
0.0387
-0.0090

Table A4: The CcCR Force Constants for HOOH

Fi
Fi 7

)

-0.086915
0.008299
0.001422

-0.054071
0.000347
0.156261
0.004657

-0.346861

-0.238757
0.035082

-0.087949
0.026371

-0.037612

-0.001327
0.001212
0.001381

-0.346861
0.004657
0.315182

-0.007015

-0.020321
0.037612
0.008299

-0.233070

-0.005556
0.051486
-0.059326
-0.004657
0.227477

0.0478
-0.4432
-0.0661

0.3191

0.1624

0.0265
-0.0294

0.0446
-0.2349

0.1331
-0.0317
-0.0086

0.0014

0.0216
-0.0255
-0.0012

0.0009
-0.0199

0.0197
-0.0454

Fy3
Fig
F113
Fy 5
Fs 10
F3
F3
F319
Fyq
Fyo
F5q
Fs6
F5 11
Fg 3
Fs g
Fs13
Fr s

Fi113
09
Fr33

)

-0.227477
-0.015015
-0.086915
-0.037612
-0.005556
0.233165
0.001212
0.051486
-0.053980
0.004265
0.315182
-0.015015
-0.158785
-0.026371
0.008299
-0.001327
0.051486
0.001381
-0.045021
-0.018962
0.238757
-0.158785
-0.015015
0.339642
0.002752
-0.054071
0.001422
0.001212
-0.059326
-0.0895
0.1306
-0.8407
0.8656
0.3028
-0.2810
-0.0189
0.4437
-0.4413
0.2617
0.4559
0.0171
0.0186
-0.0200
-0.0023
-0.0081
-0.7923
0.0016
0.0418
-0.8105
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Fiy
Fig
Fyq
g
F> 11
F3 3
I3g
F313
Fys
Fy 10
Fy 5
Fs 7
F512
Fg,4
Fs9
Frq
Fre
Fr7 14
Fg 3
Fyg
Fz 13
Fy s
Fy10
Fio2
Fio,7
Fip,12
Fii4
Fii

-0.346861
-0.007015
0.093010
0.035082
-0.002752
-0.066734
-0.001422
0.233165
0.001381
0.101584
0.045021
-0.033382
-0.238757
-0.020321
0.035082
0.392542
-0.233165
-0.227729
0.101584
0.001212
-0.045021
-0.001079
0.007015
-0.086915
0.035082
0.037612
-0.002752
-0.233165
0.156261
0.8344
-0.0096
0.2550
0.7923
0.0329
-0.3690
1.0417
-0.1409
-0.8840
-0.0153
-0.2006
0.0055
-0.0233
0.0100
0.0233
0.0175
0.0228
0.0032
-0.0044
0.0201

Fi5
F110
F 9
s
Fs 10
F34
F39
Fyq
Fye

0.101584
-0.001079
0.059326
-0.033382
-0.227477
-0.158785
0.002752
0.392542
0.001327
-0.054071
0.001381
-0.004657
0.045021
0.007015
-0.004265
-0.087949
-0.015015
-0.026371
-0.054071
0.001327
0.177893
0.000347
-0.346861
0.227477
-0.033382
-0.086915
0.001311
0.066734
-0.7734
-0.2802
0.7743
0.4456
-0.3696
-0.1357
0.0519
-0.8433
0.0158
-0.2830
-0.4570
0.0573
0.0266
-0.0204
-0.0282
0.0197
0.0204
0.0003
-0.0121
-0.0145
-0.0316




510,11
F7 10,11
Fa11,11
F7 11,11
Fi1.12
F33190
F1512
Fi6.12
Fs6,12
F57.12
F3312
F33.12
F59.12
F1,10,12
Fs10,12
Fii1,12

Table A5: The CcCR Force Constants for HOOH (cont.)

0.0090
-0.0378
0.3690
0.8105
0.0212
-0.0140
-0.0126
-0.0027
0.0064
0.0080
0.0197
-0.0132
-0.0161
-0.0002
-0.0027
0.0006
0.0008
0.0027
-0.0140
-0.0197
-0.0007
-0.0115
0.0008
-0.7743
0.0006
0.0018
-0.0013
0.0053
-0.0012
-0.0171
-0.0216
0.0008
0.0027
-0.0006
0.3388
0.0015
0.0661
0.0006
0.0002
0.0038
0.0018
-0.0095
0.0197
0.0006
-0.0294
-0.0090
0.0007
-0.0017
-0.0013

F310,10
5011
Fo 411
F3511
F36.11
Fy 711
7711
F5811
Iy 911
Fr 911
F3 10,11
F3 10,11
Fs1111
Fs11.11
Fi212
Fi410
Iy 512
56,12
Fi7.12
Fs7.12
Fyg.12
Fi912
F59.12
F5 10,12
F7 10,12
Fy1112

-0.0194
-0.0036
0.0047
0.0352
-0.0172
-0.0171
0.0032
0.0161
-0.0074
-0.8840
0.0090
-0.0081
-0.4559
0.0012
0.0012
-0.0018
-0.0000
-0.0018
0.7730
0.0044
0.0032
0.8543
0.0006
0.3696
-0.0015
0.0009
0.0055
-0.0011
-0.0009
-0.3191
0.0145
0.0053
-0.2349
-0.0006
0.0487
0.0018
-0.1624
-0.0006
0.0004
-0.0020
0.0001
-0.0017
0.0065
-0.0200
0.0000
0.0161
-0.0027
-0.8407
-0.0053

Fy10,11
910,11
Fyi1,11
Fo11,11
Fy010
Fy 410
F35192
F36.12
Fa7.12
Fr 7190
F55.12
I 912
F79.12
F310,12
F310,12
F3 1112

0.0090
-0.0100
0.0846
0.0189
0.0017
-0.0065
0.0229
-0.0080
0.0066
0.0016
-0.0548
-0.0095
0.2006
0.0007
-0.0017
0.0098
0.0064
0.0004
-0.0008
-0.0236
-0.0018
-0.2830
0.0030
-0.8433
-0.0027
0.0063
0.0378
-0.0074
-0.0030
-0.0006
-0.0126
-0.0001
-0.0183
0.0086
0.2596
-0.0171
0.0446
0.0018
-0.0030
-0.0006
-0.0002
0.0063
0.8656
-0.0090
0.0011
0.4413
0.0022
0.3028
-0.0007
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F10,10,10
5311
Fua11
F55.11
F56.11
Fyr11
5811
F7811
Fyo11
Fy9.11
F5.10,11

Fip,10,11
Fs1111

Fioi1,11
Iy 310
F3419
Fy512
Fy6.12
F37.12
Fi 812
Fs8.12
F39120
I39.12
Fy 10,12
Fy 10,12
Fyi112

0.0490
0.0454
0.0094
-1.0417
0.0097
0.0009
0.0352
0.0548
0.0233
0.0245
0.2617
0.0122
0.0573
-0.0013
0.0012
-0.0047
0.0016
-0.0014
-0.0012
-0.3492
-0.0102
0.4570
-0.0228
0.7734
-0.0053
0.0081
-0.0846
0.0245
-0.0186
0.0013
-0.0265
-0.0255
-0.1435
-0.0003
-0.3477
0.0714
-0.0478
-0.0022
0.0022
-0.0036
-0.0066
-0.0022
-0.0018
-0.0032
-0.0002
-0.1331
0.0055
-0.4437
0.0266

Fi 10,11
Fs10,11
Fiiin
Fe11,11
Fii111
Iy 310
Fy410
F55.10
F56.12
Fy712
Iy 812
F7 812
Fu912
Fy9.12
F5.10,12
Fi0,10,12
F511,12

-0.0098
0.0229
0.0282
0.0084

-0.0064

-0.0236
0.0115

-0.0161

-0.0194

-0.0128

-0.0153

-0.0490
0.0021

-0.0004
0.0008

-0.0007
0.0132
0.0121
0.0038

-0.0519
0.0201

-0.0021
0.0084

-0.0008
0.0019
0.0012
0.0032
0.0081

-0.0387

-0.0020
0.1466

-0.0316
0.0002
0.0212

-0.0012

-0.0172
0.0895
0.0007
0.0175
0.0094
0.0128

-0.0233
0.0055

-0.2810
0.0023

-0.0317

-0.0199
0.8344
0.0016




Table A6: The CcCR Force Constants for HOOH (cont.)

Fsi112  -0.0097
F11711712 -0.0291
Fsi212  -0.0032
F10712712 0.4432
Fii0, -0.34
F172)2’3 0.25
F173,373 0.06
F1727274 0.35
Fisss -1.62
Fonaa  -0.42
F2’4,4’4 1.09
F172,275 -0.67
F1737375 0.55
Froas  0.62
Fosss 035
Fross  -0.18
Frass  -0.69
F375,575 0.58
F1727276 -0.28
Fisse -0.07
F2’2’4,6 0.30
F274)4’6 -1.00
F272,576 -0.43
Foase -0.24
F3757576 0.15
F2,2,6,6 -0.18
Fra6s 058
Fise6  -0.03
F3,6,6,6 0.99
F1717277 -0.02
Fyasr 003
F1’2’4,7 0.02
Fiasr -0.03
Fiosz 001
F1747577 -0.02
Fss7  -0.03
F1’2’6’7 0.02
F174)6’7 -0.02
Frser  -0.00
Frger  -0.01
Fiiz7  -0.01
Fss77 001
F1’5,7,7 0.00
F176,777 0.01
Fserr  0.01
Fsrr7  -0.00
Fioss 007
F1’3’3,8 0.01
F272)4’8 -0.04

Friraz  0.2550
Fiis12  0.0004
Fsi212  -0.0064
Fii1212 -0.1306
F1’2’2’2 0.59
F272)2’3 -0.40
Fhsss  -0.01
F272,274 -0.57
F2737374 0.55
Figas -2.29
F374)4’4 2.33
F272,275 0.18
F273,375 0.13
Fisss 104
Fsaa5 -1.01
Fisss 028
F374)575 -0.26
F475,575 0.93
F2727276 0.40
F273’376 -0.02
F1’3’4’6 1.63
F374)4’6 -1.65
Fisse -0.55
F374,576 0.56
F4757576 0.25
Fisgs  0.07
F3,4,6,6 -0.12
F4,5,6,6 -0.57
F4,6,6,6 0.16
F1’27277 -0.02
F173’377 0.01
F272’4’7 0.06
Fras7  -0.08
F272,577 0.05
F2747577 -0.02
F375’577 -0.01
F2’2’6’7 -0.02
F274)6’7 -0.01
Fise7  -0.00
F3,6,6,7 0.04
Fiarr  -0.00
F174’777 0.02
F275,7’7 0.01
F276,777 -0.01
Fizz7  -0.01
Fsrrr 0.0
Fonas  -0.07
F273’3’8 0.01
F173)478 -0.02

Fs11,12
F5 1212
F7 1212
Fi212.12
Fr299
133
I3333
F1134
F3334
Fr344
Fraaa
135
I3335
5345
Fiaas
Fy355
Fya55
5555
F1136
F3336
Fr346
Fyaa6
356
Fyu56
F55556
Fy36.6
Frae6
F5 56,6
F5 66,6
Fy207
Fy 337
Fisa7
F3 447
357
I3457
Fys57
Fis67
I3 467
Fys567
Fy66,7
Fyo77
Fourn
Fs577
F367.7
o777
777
Fri138
F3333
Iy 348
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0.0329
-0.0019
-0.4456
-0.0096

-0.11
1.60
-0.95
2.27
-0.06
1.01
0.66
-1.06
0.04
0.24
-1.03
-0.49
-0.64
2.02
-1.61
0.96
-0.56
-2.33
-0.15
0.99
-0.65
0.05
1.68
-0.51
0.14
-0.03
0.01
0.03
-0.04
0.01
-0.02
0.27
-0.01
0.02
0.02
-0.02
-0.04
0.06
0.01
0.00
-0.06
0.66
0.02
-0.03
0.03

Fy11,12
F312.12
Fg 12,12
Fii
Fii13

Fio33
Fii14
Fi234
1144
F3344
Fii15
Fio35
Fiia5
I3345
Fii55
F3355
Fis555
Fii16
Fio356
Fi146
F33.46
Fii56
F3356
Fis556
1166
F3366
Fis566
Fig66
F5.6,6,6
137
F3337
o547
Fyga7
357
Fyas7
F5557
Fy567
Fya67
Fs56,7
5667
377
3477
Fys77
Fyer7
3777
118
Fio3g
Fiq148
F33.48

0.1409

0.0002

0.1357
0.80
-2.25
-0.56
-0.80
-1.02
0.78
1.63
0.95
-0.25
-0.95
-0.55
-0.36
-0.16
-0.81
2.27
0.56
-2.28
0.09
1.03
-0.02
-0.27
1.64
-0.97
0.55
-0.09
-0.99
-0.01
0.00
0.01
0.09
0.00
0.05
-0.18
-0.00
0.03
0.02
0.00
-0.01
0.01
-0.03
-0.02
-0.00
0.02
-0.00
-0.03
-0.01

Fio11,12
Fy1212
Fy 12,12
Fii1,0
Fii1923
Fy033
Fi1924
Fr234
Fi244
Figa4
Fii1925
035
Fioas
445
Fias5
Fia55
555
Fii26
0356
Fio46
Fi4a6
Fio56
Fia56
556
266
Fia66
566
666
Fii17
Fi237
Fiia7
F3347
Fii57
F3357
Fiss57
Fi167
F3367
Fis567
Fige6,7
Fs6,6,7
377
Fyarn
Fss577
Fs677
Fyr77
128
Fy938
Fio4g
Fi4a8

-0.2802
0.0020
0.0158

-0.97
1.04
-0.13
0.98
-0.27
-1.01
-0.74
0.32
0.46
-0.33
0.97
0.71
0.34
0.23
-1.02
0.14
1.00
2.30
0.25
-1.01
0.49
-0.57
-1.66
0.17
-0.13
-0.00
-0.02
0.01
-0.02
0.01
-0.01
0.02
0.01
-0.02
-0.02
0.02
-0.06
0.01
-0.08
-0.33
0.01
0.09
0.02
-0.05
-0.02
0.03




Iy 448
o558
54538
F3558
Fro65
I 468
I35638
I366,8
2738
Fiarg
Iy 578
678
7738
Is 778
Fi3szs
I34838
Fys55.8
Fy68,8
I37838
Figgg
Fs5358
Fi2909
Fi339
Fr249
Iy 440
Fyo59
459
I355.9
Fr269
5460
F356,9
I3669
Fio79
Fia79
579
Fag79
Fiz79
Fs 770
Fi389
I3489
Fys589
Fy6,89
F3789
Fig8.9
Is38,9
I5299
Fy499
I3599
F36.99

Table A7: The CcCR Force Constants for HOOH (cont.)

0.05
0.00
0.06
-0.09
0.03
-0.06
-0.00
-0.02
0.01
-0.01
-0.01
0.02
0.00
-0.01
0.04
-0.05
0.22
0.06
0.03
0.06
0.02
0.03
0.01
-0.02
-0.01
-0.03
-0.01
0.01
0.04
-0.03
0.05
-0.02
0.00
-0.01
0.00
0.02
-0.00
-0.02
-0.00
0.01
-0.01
-0.01
-0.01
0.00
0.32
-0.03
0.02
-0.02
0.02

F3448
Fi3538
I34538
Fys558
Fis6s
I3 468
Fys568
Fy6.6,8
078
Frarg
I3578
F3678
778
7778
Fy388
Fya83
F555.8
I568,8
Fy788
Frs88
Frgss
Iy0909
Fy339
Fi349
F3449
Fi359
F3459
Fys55.9
Fi369
3460
Fy569
Fu6.69
Fy079
Fy479
I3579
Fs6,79
Fyr79
7779
Iy389
Fyas0
5589
Fs6,89
Fy789
Iy88.9
Ir38.9
Fi399
F34.9,9
Fys5909
Fy6.99

0.00
-0.03
0.01
-0.27
-0.01
0.01
0.00
-0.01
-0.03
-0.03
0.01
0.00
0.02
-1.03
0.02
-0.33
2.11
-0.03
0.27
-0.13
0.93
0.00
0.03
-0.01
0.01
0.00
-0.01
0.04
-0.01
0.03
0.02
-0.04
-0.01
-0.01
0.01
-0.02
0.01
2.33
-0.01
-0.01
0.03
-0.28
-0.02
-0.04
-0.25
0.00
-0.00
-0.01
-0.01

Fya48
53538
Fyu53
F5558
Fr365
Fy468
F5568
F56.6,8
378
Fs473
Fys578
Fy678
37738
Ii183
F33838
5838
Figs,8
I56.8,8
I57838
F3883
Fegss
139
F3339
Iy349
Fya49
Fy359
Fya59
F555.9
5369
Fya60
F55.6,9
F56.6,9
Fis79
I3479
Fys570
Fye79
Fs 779
189
F3389
589
689
Fs6,89
Fs789
I338.9
F338.9
5399
Fya99
Fs5599
F56.9.9
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-0.00
0.03
0.27

-2.11
0.01
0.02
0.12
0.30
0.00
0.01

-0.23

-0.02

-0.01

-0.05

-0.02

-0.04

-0.05

-0.32

-0.27

-0.08
2.02
0.01

-0.00
0.01

-0.00
0.01
0.01

-0.02

-0.03

-0.02
0.32

-0.09
0.00
0.01
0.02

-0.00

-0.01

-0.00

-0.00
0.02

-0.02

-0.03

-0.00
0.04
0.65
0.00
0.01

-0.32
0.03

Fii158
I33538
5538
Fii168
F3365
Fi568
Fi668
F56,6,8
378
Frarg
F5578
F56.78
Fy778
Ii2838
Fiags
Iy 588
68,8
7838
Is78,8
Fygs8
Fii19
Fi239
Fiia9
I3349
159
F3359
Fis559
169
F3369
569
Fi6,6,9
F6,6,9
Fy379
Fyam9
5579
F56,79
Faz7o
Fi289
Fi489
589
689
Fi7s9
Fs 789
Fyg8.9
Fii99
I3399
Fis5909
Fi699
Fs6,9,9

0.04
0.02
0.09
-0.01
0.03
0.02
0.03
0.02
-0.03
-0.03
0.22
0.01
0.05
-0.02
0.03
0.06
0.03
0.02
-0.04
-0.18
-0.02
-0.00
0.01
-0.03
0.02
-0.02
-0.03
-0.02
0.01
0.01
0.02
0.01
-0.01
0.02
-0.06
-0.01
-0.03
-0.03
0.01
0.02
-0.02
-0.01
0.02
-0.02
0.01
-0.00
-0.01
-0.01
-0.00

Fi2538
Fi458
558
Fi68
Fia6s
Iy 568
66,8
178
I33738
Fis7s
Fi678
Fs6,7,8
5778
Ih0388
Fr4838
I355838
F368.8
788
Ir 788
F588,3
Fii29
Iy039
Fioa9
Fiaa9
259
Fias9
Fy55.9
Fi269
F1469
569
Fa6.6,9
179
F3379
Fis579
Fig79
Fs.6,7,9
Fs 779
Iy0389
Iy 489
I3580
I3689
Fy789
7789
F538.9
Fi299
1490
Fy599
Iy 699
Fi799

-0.05
-0.01
-0.06
0.03
0.01
-0.06
0.01
0.01
0.00
-0.03
0.00
-0.01
0.27
0.06
-0.02
0.06
-0.01
0.03
-0.64
-2.11
-0.01
-0.00
0.01
-0.01
0.00
-0.03
0.01
0.01
0.02
-0.02
0.07
0.01
0.02
0.01
0.00
0.01
-0.02
0.02
0.02
-0.02
-0.02
0.01
-0.99
-0.12
-0.01
-0.01
0.01
-0.04
-0.01




Fy7909
Fr7909
F5399
Fr999
Fro99
Fi 2910
Fi3310
Fs2.4.10
Fy4.410
Fs2.510
Fs 4510
F35510
F26.10
Fy 46,10
F35.6,10
F36.6,10
Fi 2710
Fia710
Fy 57,10
F5 67,10
Fi 7710
Fs.7.7,10
Fi35,10
F345810
Fy5510
Fy6.8,10
F3 7510
Fi 55,10
Fs8.8,10
2910
F5 4910
F35910
F36.9,10
Fy 7910
F7 7910
F58.9,10
Fs 9910
F79910
210,10
F5 410,10
I3510,10
F56,10,10
I 710,10
F7 710,10
F58.10,10
59.10,10
F79,10,10
F310,10,10
F310,10,10

Table A8: The CcCR Force Constants for HOOH (cont.)

-0.00
1.68
0.30
0.03

-0.16

-0.00
0.00
0.00

-0.00
0.00

-0.00

-0.01

-0.00
0.00

-0.00
0.00

-0.00
0.00
0.00

-0.00

-0.00
0.01

-0.00
0.01

-0.03

-0.01
0.00

-0.00
0.03
0.00
0.00

-0.00
0.00

-0.00

-2.30

-0.02

-0.01

-1.66
0.00
0.00
0.00
0.00

-0.01
0.78
0.04
0.00
2.28

-0.00
0.95

F37909
Fig99
F58.99
F39.9,9
Fgo99
Iy 2910
Iy 3310
F134.10
34410
F135,10
I3 4510
Fys5.5.10
Fi 36,10
346,10
Fy56,10
Fy6.6,10
Fy 0710
Iy 4710
F357.10
F36,7,10
Fs 7710
F7 7710
Iy 35810
Fy43810
F555,10
F56,8,10
Fy78.10
Iy 85810
F7 88,10
139,10
F34910
Fys59.10
Fy6.9,10
F379.10
Fi 8910
Fs,8,9,10
F39910
F39.9,10
F13,10,10
F3 410,10
Fy 510,10
Fy6,10,10
F3 710,10
Fi 810,10
Fs.8.10,10
F39.10,10
Fg 9,10,10
F410,10,10
F9.10,10,10

0.00
0.02
0.09
-0.01
-0.14
0.00
-0.00
-0.00
-0.00
0.00
-0.01
0.02
-0.00
0.00
0.01
-0.01
-0.00
0.00
0.00
-0.00
0.01
-0.74
0.00
0.00
-0.04
-0.02
-0.02
0.01
0.34
0.00
-0.00
-0.00
0.00
0.00
0.00
0.01
0.00
0.55
-0.00
0.00
0.01
-0.01
0.00
0.00
-0.02
-0.00
-1.03
-0.00
-2.27

Fi799
Fr5909
F7399
Fyo99
Fy9.99
Fi1310
F33310
Fy34.10
Fy4410
Fa 3510
Fy4510
F555.10
Fy36.10
Fy4610
Fs55.6,10
Fs 66,10
Fi 3710
F3 4710
Fys57.10
Fy6.7,10
Fs 7710
Fi18,10
F33510
Fi58,10
I 68,10
Fs.6,8,10
F5 7810
F335.10
F3358,10
53910
Fy 49,10
F559.10
F56.9,10
Fy7910
F589.10
F7.89.10
Fi9910
Fy9.9,10
F5 310,10
Fy 41010
F5 510,10
Fs.6,10,10
Fy 710,10
F> 810,10
F7 810,10
Fy9.10,10
Fy9,10,10
Fs 10,10,10
F10,10,10,10
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-0.02
0.04
-0.57
0.06
-0.99
0.00
0.00
-0.00
-0.01
0.00
0.00
0.06
0.00
0.00
-0.00
0.02
0.00
-0.00
-0.01
0.01
-0.00
-0.00
0.00
0.00
0.00
-0.01
-0.01
-0.02
-0.81
0.00
-0.01
0.05
-0.02
0.02
-0.00
1.01
0.02
0.09
-0.00
-0.01
-0.05
0.00
0.01
-0.00
-0.95
-0.01
1.64
0.02
0.80

F57.909
I3899
F3899
F59.9,9
Fi11,10
Fi 2310
Fi1,4.10
F33410
Fi1510
F33510
Fi 5510
Fi16,10
F336.10
Fi56,10
F166,10
Fe6.6,10
Fy 3710
Fy47.10
F557.10
F5.6,7,10
Fy7710
Fi 2510
F1 4810
Iy 58,10
568,10
F178,10
Fs7.8,10
Fyg8.10
F119.10
F33910
F159,10
Fi 69,10
Fs.6.9,10
F579.10
F338910
Fg 89,10
F599,10
Fi 110,10
F33.10,10
F1510,10
F16,10,10
Fg.6,10,10
Fs5 710,10
F35810,10
F38.10,10
F59.10,10
F1.10,10,10
Fs.10,10,10
1,11

-0.01
0.02
-0.51
-0.02
-0.00
0.00
0.00
-0.00
0.00
0.00
-0.00
-0.00
-0.00
-0.00
0.00
-0.01
-0.00
0.02
0.03
-0.01
-0.03
-0.00
0.01

-0.00
0.00
-0.00
0.03

0.02

-0.00
-0.00
-0.00
-0.00
0.01

-0.01
0.00

0.27
0.03

-0.00
-0.00
-0.00
0.00

0.01

-0.03
-0.00
-0.36
0.01

-0.00
0.02

0.00

Fs7.9.9
Fyg9.9
Fig9,9
Fs,9,9,9
Fi1210
Fy2310
Fi124.10

F144.10
Fi2510
F145,10
Fy5510
Fi26,10
F146.10
Iy 56,10
F5 66,10
Fi1.710
F33710
Fi5710
Fi6.7,10
Fgs.6,7,10
Fs 7710
Fy2510
F 4810
F35510
F365,10
Fs 7810
Fr 75810
F555,10
F129.10
F149.10
Fs 59,10
Fy6.9,10
Fi 7910
Fs7.9,10
Fyg910
Fi99,10
Fs9.9,10
Fi2.10,10
F1.4,10,10
F 510,10
F56.10,10
F17.10,10
Fs.7,10,10
Fy5.10,10
F1910,10
F5.9,10,10
F5 10,10,10
F7 10,10,10
Fi1211

0.04
0.00
0.01
0.01
0.00
-0.00
-0.00
-0.00
0.00
-0.00
0.00
-0.00
0.00
-0.00
-0.00
0.00
0.00
0.01
-0.00
-0.01
0.03
-0.00
-0.00
0.01
0.00
0.00
0.97
0.09
-0.00
0.00
-0.00
-0.00
-0.00
0.02
0.02
0.00
-0.02
-0.00
0.00
-0.00
0.00
0.00
-0.01
0.01
0.00
-0.02
0.00
-0.80
0.00




Fi2911
Fi3311
Fy0411
Fos4m1
Fr0511
Fy 4511
F35511
F5 26,11
Fy 4611
F356,11
F36611
Fio711
Fia711
Fy5711
Fa6711
Fi 7711
Fs 7711
Fizs11
F34811
Fy5811
Fi6s811
F3 75811
Figs11
Fs8.8,11
Fy0911
Faa911
F35911
F3609.11
Foro11
F7 7911
F589,11
Fr009.11
F7909.11
521011
F 41011
F5510,11
F36.10,11
I 710,11
F7 71011
F5810,11
Fr9.1011
F7.9.10,11
F310.10,11
F310,10,11
501111
I 411,11
Fs3511,11
F36.11,11
Iy 711,11

Table A9: The CcCR Force Constants for HOOH (cont.)

0.00
-0.00
-0.01

0.01
-0.01

0.01

0.00
-0.00

0.01
-0.01
-0.01

0.00

0.00
-0.01
-0.00
-0.00

0.01
-0.00

0.00
-0.01
-0.00
-0.01

0.00
-0.01

0.00

0.00
-0.00

0.00
-0.01

1.00

0.06
-0.01

0.58

0.00

0.00
-0.00

0.00
-0.00
-1.01
-0.05

0.00
-1.00

0.00

0.32
-0.01

0.01

0.00
-0.00
-0.01

Fy0011
Fy3311
3411
F3 4411
Fi3511
F3 4511
Fy 5511
Fi3611
F546,11
Fy56,11
Fyg611
Iy 0711
4711
I35711
F36,7,11
7711
Fr 7711
Fy 3511
Fyas11
F55811
Fs6511
Fy7811
Fy5811
Ir88.11
Fi3911
F54911
Fys5911
Fye011
F37911
Fig911
Fe 89,11
F39911
F399.11
F1310,11
F3.410,11
Fy 51011
Fy610,11
F3 710,11
F18,10,11
Fs8.10,11
F39.10,11
Fg 910,11
F110,10,11
F9.10,10,11
Fi311,11
F341111
Fys511,11
Fug 11,11
F3 711,11

0.01
-0.00
-0.00

0.00
-0.00

0.01

0.03

0.00
-0.01
-0.01
-0.00

0.01
-0.01
-0.00

0.00

0.01

1.09

0.00

0.01

0.06
-0.02
-0.02

0.01
-0.69

0.00
-0.00
-0.02

0.02

0.00

0.00
-0.02
-0.00

0.17
-0.00

0.00

0.01
-0.00
-0.00

0.00
-0.00

0.00
-0.25
-0.02

1.02

0.00
-0.00
-0.03

0.01

0.00

Fi1311
F33311
Iy3.411
Fyga11
Iy 5511
Fya511
F55511
Fy 3611
Fya611
F5 56,11
F56.6,11
Fi3711
F34711
Fy5711
Fye711
37711
Fii811
F33511
Fi5811
Fieg,11
Fs6,8,11
F5 7811
F38511
F3g5.11
Fy3911
Fra911
F55911
F569.11
Fyr911
Fy5911
F7.89.11
Fyo9911
Fy99,11
F5310,11
Fy41011
F5510,11
Fs6.10,11
Fy71011
F5510,11
Fr 810,11
Fi91011
Fy9.10,11
Fs10,10,11
Fi0,10,10,11
Fy31111
Fya11,11
Fs5511,11
Fs6.11,11
Fy711,11
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0.00
-0.00
-0.00
-0.06

0.00

0.02
-0.13

0.00
-0.01

0.04

0.04

0.00
-0.00
-0.03

0.01

0.00
-0.00
-0.00
-0.00

0.00

0.01

0.06

0.00

0.23

0.00

0.01
-0.03
-0.02

0.01
-0.00

0.24
-0.01

0.13
-0.00
-0.00
-0.02

0.03

0.02
-0.00
-0.33
-0.02
-0.57

0.02
-0.97

0.00
-0.04

0.06
-0.02

0.06

Fi 2311
1401
F33411
Fii511
F33511
Fi5511
Fi1611
F33611
Fi 5611
Fi6,6,11
Fs 66,11
Fy 3711
Fia711
55711
F567,11
Fy7711
Fi 2811
F14811
Fy 5811
Fy68,11
7811
Fs 7811
Fy8811
Fi19011
F33911
Fi5911
Fi6911
Fs69,11
57911
I33911
Fg 89,11
F59911
Fi1,10,11
F3310,11
F151011
F16,1011
Fs6,10,11
Fs 710,11
F3510,11
F38,10,11
F5.9.10,11
F1,10,10,11
Fs.10,10,11
Fiq11,11
F331111
Fi511,11
Fi611,11
Fs6,11,11
Fs 711,11

0.00
-0.01
0.01
-0.00
0.01
0.01
-0.00
0.00
0.00
-0.01
-0.03
0.00
0.06
-0.02
-0.02
-0.08
0.00
0.00
-0.01
0.00
-0.00
0.01
-0.03
-0.00
-0.00
-0.00
-0.00
0.04
0.06
-0.00
-0.49
0.01
-0.00
-0.00
-0.00
0.00
-0.01
-0.02
0.01
0.71
-0.03
0.00
0.01
0.00
0.00
-0.00
-0.00
-0.03
-0.04

Fy0311
Fi2411

Fia411
Fi2511
Fia511
Fy55.11
F126,11
F14611
5611
Fs66,11
Fia711
F33711
Fis5711
Fig711
Fs6,7.11
Fs 7711
Fr0511
I 4811
35511
F36.8,11
Fy 7811
Fr 7811
F535.11
Fi12911
Fia911
Fs5911
Fr6.9.11
Fi 7911
Fs7.9,11
Fy8911
Fi9911
Fs0.9,11
Fi 210,11
F141011
Fy 510,11
Fs 610,11
Fi 71011
Fs.7,10,11
Fy810,11
F1910,11
F5.9,10,11
F5 10,1011
F7 10,1011
Fi211,11
Fia11,11
Fy5.11,11
611,11
Fi711,11
Fs7.11,11

-0.00
-0.00
0.01
-0.00
0.00
0.01
-0.00
0.00
0.00
-0.01
0.00
-0.00
-0.00
-0.00
0.02
0.05
0.01
-0.01
-0.00
0.00
0.01
0.35
-0.06
-0.00
0.00
-0.00
-0.00
-0.00
-0.03
0.00
-0.00
-0.07
0.00
-0.00
0.00
0.00
-0.00
-0.01
0.01
0.00
0.01
0.00
0.98
0.00
-0.00
0.01
-0.00
0.00
0.02




Fr 711,11
F5811,11
Fr911,11
Fro1111
F31011,11
F310,11,11
F311,11,11
F311,11,11
Fi12,12
F9312
Fi 2412
Fi4412
Fi2512
F14512
Fs 5512
Fi 2612
Fi 46,12
Fy 56,12
Fs 66,12
Fi1712
F33712
Fi 5712
Fi67,12
Fs.6,7,12
F5 7712
F9512
F 4812
F35512
F36512
Fy 75810
F7 78,12
F555812
Fi2912
F14912
Fy59102
F6.9,12
Fi 7912
Fs7.9,12
Fy89,12
Fi99,12
Fs.9.9,12
F1210,12
Fi 410,12
Fy 510,12
F6,10,12
F1.710,12
Fs7,10,12
Fy8.10,12
F19.10,12

Table A10: The CcCR Force Constants for HOOH (cont.)

-0.42
0.00
0.00

-0.30

-0.00

-0.67

-0.00
0.18

-0.00
0.00
0.00
0.00

-0.01

-0.00

-0.00
0.00
0.00

-0.00
0.00

-0.00

-0.00

-0.01

-0.00
0.00

-0.00

-0.00
0.00
0.00

-0.00

-0.01
1.01
0.09
0.00

-0.00
0.00

-0.00
0.00

-0.03

-0.00

-0.00

-0.02
0.00

-0.00
0.00
0.00
0.00

-0.01

-0.01

-0.00

Fig11,11
Fs8,11,11
F3911,11
Fgo911,11
Fu10,11,11
Fy10,11,11
Fya1,11,11
Fo 11,1111
Fi2912
F13312
Fy0.4,12
Fy 4412
2512
54512
F35512
Fy 0612
F 46,12
F356,12
F36.6,12
Fi27,12
Fi 4712
Fy 5712
F 67,12
Fi 7712
Fs7.7,12
F13812
F3 4812
Fys5512
Fye8,12
F375812
Fi88,12
Fs 38,12
Fy2912
Fy40.12
F35912
F56,9,12
57912
F7 7912
F539.12
Fr 99,12
F799.12
F5910,12
F 410,12
F3510,12
F3610,12
5 710,12
F7 710,12
Fs 810,12
F 910,12

0.00
0.03
0.00
0.43
-0.02
0.28
-0.03
-0.40
0.00
-0.00
-0.00
-0.00
0.00
0.01
-0.01
0.00
0.00
0.00
-0.00
-0.00
0.00
-0.00
-0.00
0.00
0.01
0.00
-0.00
-0.01
0.01
0.00
0.01
0.01
-0.00
0.00
0.00
-0.00
-0.01
-1.65
-0.00
0.01
0.12
-0.00
-0.00
0.00
-0.00
0.00
2.29
0.03
0.00

Fyg.11,11
Frg11,11
Fy911,11
Foo11,11
Fy1011,11
Fi0,10,11,11
F511,11,11
Fio11,11,11
Fy0912
F3312
Fi 34,12
F34.412
Fi3512
F34512
Fy55102
Fi 36,12
F3 46,12
Fy56,12
Fy66,12
F9712
F> 4712
F35712
F36.7,12
Fy 7710
Fr 7712
F5 3512
Fy4812
Fs55512
F56.5,12
Fyr812
F 85,12
Frg5812
Fi 3912
F34912
Fy59102
Fy6.9,12
F37912
Fi 8912
Fs8.9,12
F39912
F39.9,12
F1310,12
F34.10,12
Fy5.10,12
Fy6,10,12
F37.10,12
F1.810,12
Fs.8,10,12
F39.10,12
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-0.01
0.62
0.02

-0.18
0.07

-0.34

-0.07
0.59
0.00
0.00

-0.00
0.01

-0.00
0.00

-0.03
0.00

-0.00

-0.01

-0.00
0.00
0.00

-0.00
0.00

-0.00

-2.33
0.00

-0.01

-0.06

-0.02
0.02

-0.00
0.26
0.00

-0.00
0.00
0.02
0.00

-0.00

-0.05

-0.00
0.03

-0.00
0.00

-0.00
0.00

-0.00

-0.00
0.00

-0.00

F3811,11
Fyg 11,11
F5911,11
F110,11,11
Fe10,11,11
Fi111,11
Fs11,11,11
Fii11,11,11
F11312
F33312
Fy 3412
Fy44102
Fr3512
Fya512
F555,12
F> 36,12
Fy4612
Fs55.6,12
F56.6,12
Fi 3712
F3 4712
Fy5.712
Fye67,12
F37712
F11812
F33512
Fi5512
Fi 65,12
Fs.6,8,12
F57812
F38.8,12
F3g.812
Fy 3912
Fya912
F559,12
F56,9,12
Fy7.912
Fy5912
Fr8912
Fy09,12
Fy9.9,12
F5 310,12
Fy 410,12
Iy 510,12
F56,10,12
Fy710,12
F3 810,12
Fr7 810,12
Fy9.10,12

-0.00
-0.18
-0.03
-0.00
-0.03
0.00
-0.00
-0.11
0.00
-0.00
-0.00
0.00
0.00
0.01
0.08
-0.00
-0.01
0.04
-0.02
0.00
-0.01
-0.01
0.01
0.01
-0.00
0.00
-0.01
-0.00
0.02
-0.01
-0.01
-0.58
-0.00
0.00
-0.01
0.02
0.02
-0.01
0.56
-0.04
0.99
-0.00
0.01
-0.04
-0.00
-0.03
0.00
-1.04
-0.01

Fygi11,11
Fio1111
Fs9,11,11
F510,11,11
Fr10,11,11
Fy11,11,11
F711,11011
11,12
Fi2312
Fi1,412
F33412
1512
F33512
F1 55,12
Fi116,12
F33612
Fi 56,12
Fi 66,12
F5.6,6,12
Fa 3712
Fua712
F5 57,12
F5 67,12
Fy7712
Fi23812
Fra812
F 53812
I 68,12
Fi 7812
I578,12
Fyg8,12
Fi1912
F339.12
Fi5912
Fi69,12
Fs6,9,12
F5 7912
F389.12
F3g0.12
F59.9,12
F11,1012
F3310,12
Fi 510,12
Fi 610,12
Fs.6,10,12
F5 710,12
F3.810,12
F3 810,12
F59.10,12

0.05
0.00
0.04
0.00
0.35
0.01
-0.57
0.00
-0.00
-0.00
0.00
0.00
-0.00
0.02
-0.00
0.00
0.00
-0.00
-0.01
0.00
-0.01
0.05
0.01
0.04
0.00
-0.00
0.00
-0.00
0.01
-0.01
0.01
0.00
0.00
0.00
-0.00
0.02
0.01
-0.00
0.15
0.02
0.00
0.00
0.00
0.00
-0.00
0.02
-0.00
-0.28
-0.01




Fs.9,10,12
5 10,10,12
F7 10,10,12
Fi211,12
411,12
Fy 511,12
Fr6,11,12
Fy 711,12
Fe 71112
Fyigi112
Fig1112
Fs9,11,12
F10,11,12
F71011,12
11,1112
Frii1112
Fi1192,12
F3319212
Fi 512,12
Fi612,12
Fs6,12,12
F5.712,12
Fs3519212
F38.12,12
F59.12,12
F110,12,12
F5.10,12,12
Fi1112,12
Fs11,12,12
Fi111,12,12
F512,12.12
Fi0,12,12,12

Table A11: The CcCR Force Constants for HOOH (cont.)

0.01
-0.00
-2.27

0.00

0.00
-0.00

0.00

0.00

0.01
-0.00

0.00

0.03
-0.00

1.02

0.00

0.27
-0.00

0.00

0.00

0.00
-0.00
-0.01

0.00
-0.16
-0.03

0.00
-0.01
-0.00
-0.03
-0.13

0.03
-0.06

F7.9,10,12
F310,10,12
F310,10,12
521112
5 411,12
F3511,12
F36.11,12
Iy 711,12
Frr1112
F581112
Fr91112
Fr 911,12
F310,11,12
F310,11,12
F311,11,12
Fg 11,1112
F19192,12
Fi 412,12
Iy 512,12
612,12
F171212
Fg,7,12,12
Fig12,12
Iy 912,12
F5.9.12,12
F510,12,12
F7 10,1212
Fs 11,1212
Fr1112,12
Fi12,12,12
F5.12,12,12
Fi1,12,12,12

1.63
0.00
1.06
-0.00
-0.00
0.00
0.00
0.00
-1.01
-0.03
0.00
-0.56
-0.00
0.25
0.00
-0.46
-0.00
0.00
-0.00
0.00
-0.00
0.03
-0.01
0.00
0.01
-0.00
-1.62
-0.00
0.55
-0.00
-0.00
0.01

Fg 910,12
Fy10,10,12
Fy10,10,12
Fi31112
F3411,12
Fy511,12
Fi6,11,12
F3 711,12
Figi112
Fsg,11,12
F391112
Fg 11,12
Fy10,11,12
Fy10,11,12
Fyi111,12
Fy 111112
F 919,12
F5 412,12
F3512.12
F361212
71212
F7712,12
Fs5.12,12
591212
F7 912,12
F310,12,12
F3.10,12,12
Fs11,12,12
F311,12,12
Fy 121212
F71212.12
Fi2.12.12,12
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-0.55
0.01
-1.61
-0.00
0.00
0.03
-0.01
-0.00
-0.00
0.01
0.00
-0.15
0.02
0.56
-0.03
0.14
0.00
-0.00
-0.00
0.00
0.01
1.63
0.02
-0.00
-0.09
0.00
0.55
-0.00
0.13
0.00
0.06
-0.95

Fy9,1012 -0.07
Fs10,10,12  -0.02
Fi0,10,10,12  2.25
531112 -0.00
Fy41112 -0.01
Fs511,2  -0.02
F5611,12 -0.01
Fy71112 -0.01
Fy811,12  -0.00
Frg1112 -0.24
Fy911,12  -0.00
Fyg11,12  -0.05
F510,11,12  0.00
Fio10,11,12 -1.04
Fs11,11,12 0.05
Fip11,11,12 -0.25
Fi31212  -0.00
F3412,12 0.00
Fy51212  0.00
Fy6.1212 -0.02
I371212 -0.00
Figi212 0.00
Fs812,12  0.02
F3912,12  0.00
F3912,12  0.02
Fy1012,12  0.01
Fy10,12,12  0.07
Fyi1.1212  0.01
Fy11,12,12  0.02
F312.12,12 -0.00
F312,12,12 -0.04

F1.10,10,12
Fs10,10,12
Fi111,12
F331112
Fis1112
Fi611,12
Fs.6,11,12
F5 711,12
F381112
Fgg 11,12
F591112
F11011,12
Fs10,11,12
Fii111,12
Fg.11,11,12
Fi111,11,12
F 319,12
Fr412,12
F5 512,12
F56,12,12
Fy71212
Fr 512,12
Fr 512,12
Fy9.12,12
Fy9.12,12
F510,12,12
Fi9,10,12,12
F511,12,12
Fio11,12,12
Fyi2.12,12
Fy.12,12,12

-0.00
0.01
0.00

-0.00

-0.00
0.00

-0.00

-0.03
0.00
0.49
0.01
-0.00
-0.00
0.00
-0.00
0.40
0.00
0.01
-0.02
0.00
-0.02
0.01
-0.55
0.02
-0.97
0.01
1.60
0.01
-0.56
-0.00
0.96




F7 10,10
Fiin
Fy311
F3411
F3511
611
Fs6,11
Fy711
Fig.11
F55.11
Frg11
F59.11
Fy0.11
Fy10,11
Iy 1011
51111
Fg 11,11

Table A12: The CcCR Force Constants for HOSH (cont.)

-0.0240
0.0039
0.0457

-0.8199

-0.0004

-0.0032
0.0026
0.0002

-0.0052

-0.0006

-0.0032
0.0127
0.0077
0.0059

-0.0047
0.0002
0.0027
0.0000

-0.0008
0.0002
0.0003

-0.0002
0.0142
0.0044

-0.0015

-0.0066
0.0009

-0.0176

-0.0342

-0.0034

-0.0083
0.0005

-0.0136

Fy 10,10
Fg 10,10
Fi211
F3311
Fya11
Fy511
F36.11
Fi7n1
Fs 711
Fyg.11
Fs8.11
Fr911
Fso11
Fi10,11
Fs10,11
Fy10,11
F31111
F7a11,11

0.0387
0.0017
0.7295
0.0006
0.0002
0.0008
-0.0010
0.0036
0.0021
0.0000
0.0004
0.0033
-0.0001
0.0076
-0.0015
-0.0002
0.1024
-0.0005
0.0011
-0.0012
-0.0009
-0.0009
0.0001
0.0011
-0.0007
0.0088
0.0001
-0.0104
-0.0002
-0.0009
0.0024
-0.0002
-0.0087

Fy.10,10
From
Fi411
Fis511
F55.11
Fyg.11
Fyrn
Fs 711
F3311
Frg11
F3911
F7911
F 10,11
Fs10,11
Fio,10,11
Fyi1,11
Fg 11,11
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0.0057
0.0481

0.0020
0.0020
0.0000
0.0012
-0.0062
-0.0000
0.0004
0.0098
-0.0027
0.0016
-0.0053
-0.0025
0.0001

-0.0014
-0.0178
-0.0008
0.0001

0.0007
0.0007
0.0010

-0.0006
0.0005

0.0006

0.0082

0.0007
-0.0031
0.0008

0.0001

-0.1006
-0.0010
-0.7131

F339
Fuo9
Fs99
Fy0.10
F1410
F1510
F55.10
Fu6.10
Fy 710
Fs.7.10
F335.10
F7 810
F39.10
F79.10
5 10,10
510,10
F10,10,10
Fi311
Fy 411
Fy5.11
Fie11
F56.11
Fs711
Fr 711
Fug11
Fgg.11
Fy911
Fg .11
F3 1011
71011
Fiin
F51111
Fo1111

0.1844
-0.0045
-0.0133
-0.0007
-0.0010
-0.0022
-0.0050

0.0055

0.0016
-0.0072

0.0017
-0.1155

0.0023

0.0120
-0.0004

0.0015
-0.0026
0.0001
0.0003
0.0009
-0.0015
0.0049
0.0007
-0.1087
0.0016
0.7203
-0.0002
-0.1481
-0.0009
0.1042
0.0013
0.0049
0.1657




Fioa1,11
Fy019
R
F1512
F5512
Fy6,12
Fy 7190
Fs7.12
F338190
F7 8,12
F39.12
F79.12
F5 10,12
Fs.10,12
F10,10,12
Fyi1112
Fs11.12
Fi12.12
F512,12
Fy 12,12
Fii11
Fy990
Fr0033
Fi333
Fii1924
F1234
F3334
Fi344
Fy 444
Fii25
Fia35
F3335
Fi345
445
Fiass
3355
Fia55
Fys555
Fioa6
0356
Fii46

IRt

Table A13: The CcCR Force Constants for HOSH (cont.)

0.0084
0.0011
-0.0016
-0.0013
0.0014
0.0007
-0.0008
-0.0024
-0.0010
-0.0024
-0.0004
-0.0015
0.0015
0.0004
0.0161
-0.0009
0.1387
0.0010
-0.0146
-0.0457
4.27
0.46
0.02
-0.81
0.12
0.05
0.81
2.78
0.11
1.24
0.45
-0.01
-0.05
1.29
0.06
-0.03
-1.30
0.07
0.50
0.03
2.76

Fii111
Fi3190
5410
Iy 512
16,12
F5.6,12
F3712
Fr 710
Fyg12
F38.12
Fy912
F39.12
F310,12
F7 10,12
Fi11,12
F511,12
Fy1112
Fy 1212
Fs,12,12
F1o,12,12
i1,
Fii133
Iy333
Fi2904
F5234
Fr144
Iy 344
F3 444
Fioo5
5035
Fiias
Fr3.45
I3 445
055
Fi1a55
Fis555
Fs5555
Fh006
Fi336
Fioa6

0.7077
-0.0002
-0.0024
-0.0013

0.0013

0.0264

0.0033
-0.0041

0.0019
-0.1256

0.0019
-0.0276
-0.0023
-0.0042

0.0006

0.0123

0.0439
-0.0004

0.0284

0.0002

-0.12
2.75
0.11
0.01
1.24
0.45
4.31

-0.06

-2.84

-0.06

-0.02

-0.12

-0.44
0.05
0.48
1.26

-0.07
0.53

-0.02
0.86

-0.06
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Fi112
F 3190
F3412
I3512
Fy6.12
Fs6,12
Fy712
I 812
F5812
F1912
F59,12
Fy0.12
Fy10,12
310,12
F51,12
Fs,11,12
Fio11,12
F3 1212
Fr 1212
Fi1,12,12
Fi1,2,2
Fri123
Fio33
F3333
Fy29.4
Fi33.4
Fip44
F3344
Fra44
205
Fi335
Fip45
F3345
Fraap5
Fis55
455
Fy555
Fii16
Fi136
Fy3356
246

145,

0.0015
-0.0033
-0.0008

0.0051

0.0030
-0.0333

0.0084
-0.0010
-0.0124
-0.0020
-0.0170

0.0423
-0.0122

0.0014

0.0009
-0.0029
-0.0016

0.0008

0.0007
-0.0401

-1.23
-0.05
-0.00
-0.39
-0.06
-0.08
-0.12
0.03
4.35
-0.46
0.00
-1.25
-0.00
-0.11
-0.43
-0.06
-0.49
-2.75
-0.12
-0.02
-0.49

Fi219
F3319
Fy410
Fys5.10
F36.12
Fi7.12
F5 712
Fyg.12
Fs8.12
Fy9.12
Fs.9,12
F110,12
F5.10,12
Fy.10,12
F31112
F711,12
Fii1112
Fy12.12
Fg 12,12
Fi912,12
Fi299
Fi23
Fy033
Fii14
Fi134
Fy33.4
Fr044
Fra44
Fii15
Fii135
Fy335
Fr045
Fiaa5
Fii55
Fy355
3455
3555
Fii126
Fi2356
F33356
Fi346

0.0017
-0.0016
0.0054
0.0014
0.0011
-0.0001
0.0012
-0.0007
-0.0264
0.0007
0.0038
0.0002
-0.0013
0.0017
-0.0009
0.0020
-0.1519
-0.0019
0.0550
0.0165
0.06
-0.47
-0.04
-4.29
-2.76
0.00
-1.26
-4.32
0.12
0.05
0.02
0.06
0.12
-1.24
0.02
0.41
-0.03
0.06
0.00
0.44
0.09




Fy346
F3446
Fro56
Fias6
Fis556
F555,6
Fi36.6
Fr 466
Fy56.6
Fi6.6,6
F56.6,6
Fi97
Fro37
Fiia7
347
F3447
Fo57
Fiasz
Fis557
F5557
Fi36,7
F 467
Fa 56,7
Fig6,7
F56.6,7
o707
Firarq
Fis577
Fss77
Fye77
Fyr77
o7

Table A14: The CcCR Force Constants for HOSH (cont.)

-0.00
-0.07
0.03
0.06
0.46
0.04
-0.91
0.00
0.02
0.99
0.07
-0.01
0.02
-0.02
0.00
0.06
-0.01
0.00
-0.02
-0.02
0.02
0.00
0.01
-0.00
0.02
-0.02
0.02
-0.01
-0.03
0.03
0.01
-0.01

F33.46
Fraa6
Fis56
456
556
Fii66
Fy366
F3466
F356.6
Fy6.6.,6
Fs.6,6,6
Fs997
Fi337
Fioa7
F3347
Fraa7
Fis57
Fru57
Fys557
Fi167
Fy367
F3 46,7
F3s567
Frs6,7
Fs6.6,7
Fi3q77
477
577
Figrq
Fse77
F3777
Frr07

-0.84
2.83
-0.00
0.47
-0.04
0.08
0.02
0.89
-0.02
-0.03
1.25
0.01
-0.03
-0.00
0.04
-0.03
0.01
-0.03
0.01
-0.01
0.01
-0.02
-0.01
-0.01
0.07
0.02
-0.01
0.02
-0.02
-0.01
0.01
0.21
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Fia46
Fii56
356
3456
Fs5556
Fia66
3366
Fya66
Fys56.6
Fs66.6
Fii17
Fi137
Fy337
047
Firaa7
Fii57
Fy357
3457
F3557
Fi26,7
Fs336,7
Fya67
Fys67
3667
Fii77
377
Fs3 477
F3577
Fs6,7,7
Foe,7,7
Fy777
Fii18

-2.78
-0.06
-0.03
0.00
0.04
0.00
-0.47
-0.20
-0.01
0.52
0.02
0.01
-0.00
0.03
0.00
0.00
-0.01
-0.00
0.02
0.00
-0.01
-0.06
0.01
0.01
-0.00
0.00
-0.03
-0.00
-0.01
-0.24
-0.05
0.00

Fra46
Fipos6
F3356
Fia56
Fys556
Fy66
Fiae6
566
F556.6
Fy6.6,6
107
Fi237
F3337
Fysa7
Fy 447
257
F3357
Frasq
Fys557
06,7
F1 46,7
Fi56.7
Fs56,7
Fy66,7
o707
I3377
Fyanr
Fys77
Fs6,77
777
Fs 777
Fii238

0.06
-0.48
0.02
-0.05
-0.43
-0.03
-0.08
-0.00
-0.25
-1.06
-0.00
-0.01
-0.00
-0.02
0.01
0.02
0.00
-0.01
0.04
-0.01
0.02
-0.00
-0.02
0.26
0.01
-0.01
0.02
0.01
-0.01
-0.02
-0.01
-0.01




Fioag
Fr033
Fi148
Fr3438
F3448
o558
Fiasg
Fis58
F5553
Fi368
Fr 468
Fa56.8
Fi663
Fs56.6,8
Is2738
Fiarg
Fis7g
Fss573
Fui673
Fyr778
Fs7.78
088
Fiasg
Fis5s8
F5538
Fi638
Frr88
Fs788
F3533
Fr383
Fia29
Fy039
Fi149
Fy3409
F34.409
259
Fias9
Fis5509
Fs555.9
Fi369
I 469
Fy5.6,9

Table A15: The CcCR Force Constants for HOSH (cont.)

0.00
-0.00
-0.00
-0.02
-0.00
-0.01
-0.01

0.01
-0.03

0.01

0.02

0.01
-0.01

0.23

0.00
-0.00

0.01

0.01
-0.01
-0.00

0.01

0.01
-0.01
-0.01

0.01

0.01
-0.00
-0.00
-0.00

0.03
-0.03

0.00

0.00
-0.00

0.04
-0.01
-0.01
-0.04
-0.00

0.05

0.00

0.02

Fr0958
Fi333
Fio4g
F3348
Fraa38
Fi35s
Fru58
Fys553
Fi1638
Fy368
F34638
F3563
Fr6638
Fs6,6,8
Fi373
Fr4738
Fy578
Fig73
Fs56738
37738
778
Fi3ss
53
Fy558
Figs3
F565,8
F373838
Fr783
Fyg538
F33538
Is209
Fi339
Fi4p9
F3349
Fyaa9
Fi359
Ir459
Fy559
Fii69
Fy369
F3469
3569

0.00
-0.00
0.01
-0.00
-0.00
-0.02
0.01
0.01
-0.00
-0.01
-0.00
-0.00
0.02
-0.07
-0.00
0.01
-0.00
-0.00
0.01
0.00
-0.00
0.01
-0.01
-0.00
0.00
0.01
0.01
-0.40
-0.01
1.60
0.01
-0.05
0.01
0.03
0.01
-0.00
-0.03
0.02
0.04
-0.00
-0.04
-0.00
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Fi138
Fy333
Fy048
Firaas
158
Fy358
3453
3553
Fi2638
Fs3368
Fyap68
Fys5638
36638
Fii7s
378
F5478
Fs3578
678
Fs6,7,8
Fyr78
188
Fy358
3483
F3553
658
Fs,6,8,8
Fyrss
Figs3
F53538
Fii19
Fi139
Ir339
Fy9409
Fra49
Fii59
359
F3459
F3559
Fi269
F3369
Fi469
Fys569

-0.00
0.02
-0.00
0.00
-0.00
0.00
0.03
0.00
-0.02
0.01
-0.00
-0.03
-0.01
0.00
-0.00
0.00
-0.01
0.00
-0.01
-0.01
0.01
-0.00
-0.02
0.00
-0.01
-0.27
0.01
0.00
-0.01
0.00
0.01
0.00
0.04
-0.01
0.01
0.01
0.00
-0.00
-0.01
0.03
0.26
-0.00

Fio38
Fs5338
Iy 348
Fy 448
2538
F3358
Fyass
Fys558
268
F1468
Fi568
Fs5658
Fy6.6,8
Fio7s
I33738
Fransg
Fys78
Fs6,78
778
5778
I12838
F3388
Frasg
Fy55.8
I368.8
7838
F5788
Frgs5s
Fs 38,8
Fii29
239
I3339
Fi349
Fauu49
259
I3359
Fyu59
Fy5509
Fr069
Iy 469
569
5569

0.02
-0.01
0.00
-0.02
-0.01
0.01
0.01
-0.01
-0.00
0.01
0.02
-0.00
0.01
-0.01
0.00
0.01
-0.01
0.00
0.00
0.02
0.01
-0.03
0.02
0.01
0.01
-0.01
-0.00
-0.01
-0.01
-0.00
0.00
-0.04
-0.02
-0.00
0.03
0.00
0.02
0.03
-0.01
-0.02
0.01
0.21




Fi66,9
Fs56.6,9
279
Fiarg
Fis579
Fss57.9
Fye,79
Fy77.9
Fs7.79
Fr0389
Frazg9
Fiss9
F5589
Fi689
Fy789
Fs7.8,9
F35389
Frg89
Is299
Fiag9
Fi5909
Fs5909
Fy6,9,9
Fy7909
Fs7.9,9
F359.9
Fr 899
F39909
Fr9909
Fi1210
F12310
F33.3,10
Fi3.410
Fs 44,10
Fi2510
F33510
Fya5.10
Fi5510
F5 26,10
F1 46,10

Table A16: The CcCR Force Constants for HOSH (cont.)

-0.08
-0.08
-0.01
0.00
-0.00
-0.01
-0.25
0.01
0.26
0.01
-0.01
0.00
-0.02
-0.01
-0.00
0.01
0.02
-0.01
0.00
0.03
-0.01
-0.21
-0.12
-0.01
0.08
-0.00
-0.02
-0.03
-0.07
0.00
0.01
0.00
-0.00
-0.00
-0.00
-0.00
0.01
-0.00
-0.00
-0.00

Fy6.69
Fs6.6,9
Fis79
Is479
Fo579
Fig79
Fs6.7.9
3779
Fr779
Fi3s9
489
Fy559
Figs9
F5638,9
Fs789
Fr789
Fyg59
F3359
Fi399
4909
Fy5909
Fig99
F56.99
37909
Fr 7909
Fys99
Fgs9.9
Fyo99
F3999
Fi12210
F>23.10
Fi1.4,10
F> 3410
F34.4,10
Fs25.10
F145.10
Fi155,10
F555,10
Fi 36,10
546,10

0.00
-1.74
0.01
-0.01
0.01
-0.02
-0.02
0.01
0.00
-0.00
-0.01
-0.01
0.00
-0.22
0.00
0.01
0.01
-0.47
0.01
-0.00
-0.03
0.04
0.10
-0.02
-0.27
0.01
-0.47
0.11
0.30
0.00
-0.00
-0.00
-0.00
0.00
0.01
-0.00
0.00
0.01
0.00
-0.00
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Fs66.9
Fii79
379
F3479
Fs3579
670
Fs6,7,9
Fy779
189
Fy3389
Fs4389
I3559
689
Is6.8,9
Fyr89
Figs9
Fs5889
Fii199
Iy399
Fs3499
F3599
690
Fs6,9,9
Fy799
Figo99
F559.9
Figg9
F599.9
Fy9.9.9
Ir2210
F133.10
Fi24.10
F33.410
Fy4.410
Fi35,10
I>45.10
Fs 55,10
Fi16,10
Fy 36,10
F3 46,10

-0.06
-0.00
-0.00
-0.02
0.00
0.01
-0.08
-0.00
0.00
-0.01
0.00
-0.01
-0.02
0.09
0.04
-0.01
0.02
-0.04
0.00
0.01
-0.00
0.00
1.80
0.28
-0.00
0.23
-0.04
-0.09
1.84
-0.01
-0.00
0.00
0.00
-0.01
-0.01
0.00
-0.01
0.00
-0.00
-0.00

Fu6.6,9
Fio79
I3379
Fyaro
Fys79
Fs679
Fiz779
5779
Fiag89
F338,9
Frazgo
Fis5389
I368.9
789
F5789
Frg89
Fs8.89
Fio99
I3399
Fira99
Fy5909
F36909
Fi799
F5799
Fr5909
Fs 89,9
Fr9909
Fs.9.9,9
Fi1,1.10
F11310
53310
Fy2.4.10
Fy 4410
Fi1510
Iy 3510
F34510
F35510
Fi 26,10
F336.10
Fy46.10

0.16
0.00
0.02
0.00
-0.01
0.00
0.00
0.03
-0.00
-0.01
-0.01
0.00
0.01
0.00
0.01
0.01
0.24
0.01
0.01
-0.31
-0.00
0.03
0.01
0.02
0.03
-0.12
0.00
-1.83
0.00
0.00
0.00
-0.00
0.00
-0.00
-0.00
0.00
0.00
-0.00
-0.00
0.00




Fi56,10
F55.6,10
Fy6.6,10
Fi 2710
F33710
Fya710
Fy57.10
F36.7,10
Fi 7710
Fs 7710
F123810
F33510
Fya8,10
Fy5510
F36.5,10
Fi 75810
F575,10
F> 88,10
Fs8.8,10
Fi2910
F33910
Fya9.10
Fy59.10
F36910
Fi 7910
F57.910
Fy3910
Fs8.9,10
Fs9.9,10
Fs.9.9,10
I 110,10
F5 310,10
F3.4,10,10
F35.10,10

Table A17: The CcCR Force Constants for HOSH (cont.)

0.00
-0.01
0.01

-0.00
-0.00
0.00
-0.01
0.00
0.01

0.01

0.00
0.00
-0.00
0.01

-0.00
-0.00
-0.02
0.00

-0.01
-0.00
0.00

-0.00
0.00

-0.00
-0.00
-0.01
0.01

-0.01
0.01

-0.00
-0.00
-0.00
-0.00
-0.00

I 56,10
F166,10
Fs6.6,10
Fy2710
Fi47.10
Fi57.10
Fs57.10
Fy6.710
Fy 7710
Fs7.7,10
I2810
F148.10
F158,10
F555,10
Fy6.5810
Fy 7510
Fs7.8,10
F38.8,10
Fr85.10
Fy2910
F149.10
F159.10
F559,10
Fi6.910
F> 7910
Fs7.9,10
F33910
Fr8910
F39.9,10
Fr99.10
Fi2.10,10
F33.10,10
Fy4,10,10
Fy 510,10

0.01
0.00
-0.01
0.00
-0.00
0.00
0.01
0.00
-0.01
-0.01
-0.00
0.00
-0.00
-0.00
0.01
0.00
0.00
-0.00
0.40
0.00
0.00
0.00
0.01
0.00
-0.00
0.00
0.00
-0.05
-0.00
-0.01
0.00
0.00
0.00
0.00
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F3.56,10
Fs 66,10
Fs6.6,10
Fi 3710
Iy 4710
Fy 57,10
F16.7,10
F56.7.10
F3 7710
Fr 7710
Fi38,10
F5 4810
Fs 58,10
Fi 68,10
F56.8,10
F37510
Fr7810
Fy88,10
F335.10
Fi 3910
I 4010
59,10
F169,10
F56.9,10
F379.10
Fr 7910
Fyg9.10
Fg89,10
Fy9.9,10
Fg9.9,10
F> 210,10
F1.4,10,10
F1510,10
F5 510,10

0.00
0.01
-0.01
-0.00
0.01
-0.00
0.00
0.00
0.00
-0.14
0.00
-0.00
0.00
-0.00
0.01
-0.00
0.01
-0.02
-0.03
0.00
0.01
-0.01
-0.00
0.01
-0.00
-0.00
-0.02
0.01
-0.01
0.01
-0.00
0.00
-0.00
-0.01

Fy5.6,10
F36,6,10
Fi1.710
Iy 37,10
I3 47,10
I357.10
F6.7,10
Fs.6,7,10
Fy77.10
Fi1810
538,10
34810
F35.8,10
Fs6.810
Fs6.8,10
Fy78.10
I 88,10
F58.8,10
Fi1.910
Iy 3910
349,10
I359.10
Fy6.0.10
Fs.6,9,10
Fy7910
Iy 89,10
F589,10
199,10
F59.9,10
Fy.9.910
Fi 310,10
F5 410,10
510,10
F1.6,10,10

-0.01
0.01
0.00

-0.00
0.00
0.00
0.00

-0.02
0.01
0.00
0.00

-0.00

-0.00

-0.00
0.01
0.01
0.00
0.00

-0.00
0.00

-0.00

-0.00

-0.01
0.00

-0.00
0.00

-0.01
0.00

-0.01
0.00
0.00

-0.00
0.00

-0.00




F56.10,10
Fs.6,10,10
Fy 710,10
F1810,10
F5.8,10,10
F1,9.10,10
F5.9.10,10
Fy.9.10,10
Fy10,10,10
F3.10,10,10
Fii211
Fi2311
F33311
F13411
Fy 4411
Fia511
F33511
Fya511
Fy5511
I 26,11
F146,11
Fi1 56,11
Fs5611
Fyi6611
Fia711
F33711
Fya711
Fys5711
F36.7.11
Firz711
F5 7711
Fias11
F33511
Fya811
Fy5811
F365.11
F17811
Fs 7811
Frg811
Fss.8,11
F12911

Table A18: The CcCR Force Constants for HOSH (cont.)

-0.00
-0.00
-0.01
0.00
0.01
-0.00
0.00
0.02
0.00
0.01
-0.00
-0.00
0.00
-0.00
-0.00
0.01
0.00
-0.00
0.01
-0.00
-0.00
0.00
-0.00
-0.01
0.00
-0.00
-0.00
0.01
-0.00
-0.00
-0.02
-0.00
0.00
-0.01
-0.01
0.00
0.00
0.00
0.00
0.01
-0.00

F36.10,10
Fi 710,10
F5.7.10,10
F5510,10
Fs.8,10,10
F>9.10,10
Fs.9,10,10
Y 10,10,10
£ 10,10,10
Fy.10,10,10
Fi2211
Fr0311
Fi1,411
F3.411
F34411
Fr9511
Fras11
Fis5511
F555.11
Fi 3611
Fy 4611
F 5611
Fi6611
Fs56.6,11
Fr2711
Fira711
Fis5711
Fs5 5711
Fye711
For711
Fs 7711
Fr95811
Fia811
Fis5511
F555.11
Fy6811
Fy 7811
Fs7.811
F335811
Fre8.11
Fr2911

-0.00
-0.00
-0.00
-0.00
-0.01
0.00
-0.00
0.00
0.00
-0.00
-0.00
0.00
0.00
0.00
0.00
-0.00
-0.00
-0.01
-0.01
-0.01
0.00
0.00
0.01
0.00
-0.00
0.00
-0.00
-0.00
0.00
0.00
0.01
0.00
0.00
0.00
0.01
0.00
0.00
-0.00
0.00
-0.03
-0.00

181

Fy6.10,10
F> 710,10
Fs.7.10,10
F3310,10
F7 810,10
Fs9.10,10
F7 910,10
F5 10,10,10
F5,10,10,10
F10,10,10,10
Fy9011
Fi3311
Fi 2411
F33411
Fyaa11
Fi3511
Iy 4511
Fy5511
Fi1611
Fy 3611
F3 46,11
F356,11
66,11
Fs6,6,11
Fi3711
Iy 4711
Fy 5711
Fy 6711
F5 67,11
37711
7711
Fi3811
Iy 4811
5811
Fies8,11
F568,11
Fs3 7811
77811
Fygs11
Iy 88,11
Fi3911

0.00
0.00
0.00
-0.00
-0.01
0.00
0.00
-0.00
-0.00
0.12
0.00
0.00
0.00
0.00
0.01
0.00
-0.01
0.00
0.00
0.00
0.00
-0.00
-0.01
0.03
0.00
-0.00
0.00
0.00
0.00
0.00
0.01
0.00
0.00
-0.00
-0.00
-0.01
-0.00
0.39
0.00
-1.58
0.00

Fs6.10,10
F3 710,10
7 710,10
Fy810,10
F38.10,10
Fy9.10,10
F3.9.10,10
F310,10,10
7 10,10,10
Fii1,11
Fii3n
Fy3311
Fy0.411
Fia411
F11511
Fy 3511
F34511
F35511
F126,11
F33611
Fya6,11
Fy56,11
F366,11
Fia711
Fy3711
F34711
Fs357.11
Fy6.7.11
Fs6,7,11
Fyrrn
F11811
Fa 3811
F34811
F35511
Fr6811
Fs6,8,11
Fyrg11
F1 8811
Fs35811
Fii1911
Fr3911

0.01
-0.00
0.13
-0.00
-0.38
0.00
0.07
0.00
-0.12
-0.00
0.00
-0.00
0.00
-0.00
0.00
-0.00
-0.00
0.00
0.00
-0.01
0.00
-0.00
0.01
-0.00
-0.00
-0.00
0.00
-0.00
0.00
0.00
-0.00
0.00
0.00
-0.00
0.00
0.02
-0.01
-0.00
-0.01
-0.01
-0.00




F33911
Fua911
Fyis5911
F369.11
Firom1
F57911
Fr 8911
Fsg.9,11
Fr99.11
Fs99,11
F111011
F3 310,11
F3 410,11
F3510,11
Fy6,10,11
F5.6,10,11
Fy710,11
F1810,11
Fs58.10,11
I 910,11
F59.10,11
Fy.9,10,11
Fy 10,10,11
F310,10,11
Fi211,11
F331111
Fya11,11
Fys51111
F36.11,11
Fi 711,11
Fs71111
IFyg1111
Fe8,11,11

Table A19: The CcCR Force Constants for HOSH (cont.)

0.00
-0.01
0.00
-0.00
-0.00
-0.00
-0.00
-0.00
-0.00
0.02
-0.00
0.00
0.00
-0.00
0.00
-0.00
-0.00
-0.00
0.00
-0.00
0.00
-0.00
0.00
0.37
0.00
-0.00
0.01
0.00
-0.00
-0.00
0.00
-0.00
-0.00

Fia911
Fis5911
F559.11
Fy6.9.11
Fy7911
Fs7.9,11
F38911
Fr8911
F399.11
F799.11
F121011
F3310,11
Fu41011
Fu5.10,11
F36.10,11
F171011
Fs5 710,11
Fa 810,11
Fs.8,10,11
F59.10,11
Fs.9,10,11
1 10,10,11
Ffs.10,10,11
Fy10,10,11
Fy011,11
Fia11,11
Fis1111
F5511,11
Fu611,11
Fy 711,11
Fes711,11
F3811,11
Frg11,11

0.01
0.00
-0.00
0.00
0.00
-0.00
-0.00
0.01
0.00
0.00
-0.00
-0.00
0.00
-0.01
0.00
0.00
0.01
-0.00
0.00
-0.00
0.00
-0.00
-0.00
-0.08
-0.00
-0.00
-0.00
-0.00
-0.00
-0.00
0.00
-0.00
0.03
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Iy 4911
Fa5911
Fi6911
F569,11
37911
Fr7911
Fyg911
F389.11
Fy99.11
F3909,11
F2 10,11
Fi 41011
Fi510,11
Fs5510,11
Fi6,10,11
571011
Fs.7,10,11
Fs810,11
Fr 810,11
F3910,11
F7910,11
F510,10,11
Fg,10,10,11
F10,10,10,11
Fi311,11
Fy 411,11
Fr511.11
Fi611,11
Fs6.11,11
F3 711,11
771111
Fig1111
Fgg 11,11

0.00

0.00
-0.00
-0.01
-0.00
-0.05
-0.00
0.45
-0.00
0.21

0.00
-0.00
0.00
-0.00
0.00
-0.00
-0.01
0.00
-0.38
0.00

0.07
0.00

0.01
-0.01
-0.00
-0.00
0.00

0.00

0.01

0.00
-0.37
-0.00
1.59

F349,11
Fs35911
Fr6.9.11
Fs6.9,11
Fyro11
Fig911
F589,11
Fi9911
F5909.11
Fy909,11
F131011
F 41011
F5 510,11
Iy 610,11
F56,10,11
F371011
Fr 71011
Fy 810,11
I3 810,11
Fy9.10,11
F39.10,11
F3.10,10,11
F7 10,1011
Fi111,11
Iy 311,11
F3 411,11
F351111
Fy611,11
Fs6,11,11
Fy711,11
Fig 1111
F5811,11
Fio1111

-0.00
-0.00
0.00
-0.01
-0.01
0.00
0.01
0.00
0.01
-0.21
-0.00
0.00
-0.00
0.00
-0.00
-0.00
-0.01
0.01
0.03
0.01
-0.01
0.00
0.01
0.00
0.00
-0.00
0.00
-0.00
-0.01
0.00
0.00
0.00
-0.00




Fy9.11,11
Fs9,11,11
Fi10,11,11
Fy10,11,11
Fy10,11,11
F31111,11
Fri11111
Fiii11,m
Fy 0912
Fi3310
Fi2412
F33412
Fy4412
Fi3512
F 4512
Fs 55,12
Fi16,12
F5 36,12
F3 46,12
F356,12
Fs66,12
Fs6.6,12
Fi37,12
F> 4712
Fy 5712
Fi67,12
F56.7,12
F377.12
Fr 7712
Fi 35812
Fy 4812
Fs 55,12
Fi68,12
F56,8,12
F3 75812
Fr 7812
Fys88,12
F335,12
F139,12
Fs 4912
Fy 5912
Fi69,12
F56.9,12
F37912

Table A20: The CcCR Force Constants for HOSH (cont.)

0.00
0.01
0.00
-0.00
0.01
0.00
-0.03
1.59
-0.00
-0.00
-0.00
0.00
-0.00
0.00
0.00
-0.01
0.00
-0.00
-0.00
0.00
0.00
-0.03
0.00
0.00
-0.00
-0.00
0.01
0.00
-0.00
-0.00
0.00
0.00
-0.00
-0.01
-0.00
-0.03
0.00
0.49
-0.00
-0.00
0.00
0.00
-0.02
-0.00

F391111
Fro11,11
F10,11,11
Fs10,11,11
Fio,10,11,11
Fyi1,11,11
Fg 11,1111
Fii112
Fi1312
F 3312
50412
Fi4412
Fii1512
Iy 3512
F345.12
I35512
126,12
F536,12
Fya612
Fys5612
F36.6,12
1712
Fy 3712
F3 4712
F357.12
Fy 67,12
Fs6,7,12
Fyr712
Fi1312
Iy 3812
I3 4812
I355.12
68,12
Fs 68,12
Fy7812
Fi 8812
F5358,12
F119012
Fy 3912
F34912
F359.12
Fr69,12
F56,9,12
Fy7912

0.00
-0.01
0.00
-0.00
-0.36
0.00
-1.59
0.00
-0.00
-0.00
-0.00
0.00
-0.00
0.00
-0.01
-0.00
0.00
-0.00
0.01
0.00
0.00
-0.00
-0.00
-0.00
0.00
-0.00
-0.00
0.00
-0.00
0.00
0.00
-0.00
0.00
-0.01
-0.02
-0.00
-0.02
-0.00
0.00
0.00
0.00
0.00
0.00
-0.01
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Fi91111
Fgo11,11
F310,11,11
F710,11,11
Fii1,11,11
F51111,11
Fy 11,1111
Fi1212
Fy 2312
F33312
F13412
F 4412
Fio512
F33512
Fy4512
Fy5512
Fy06,12
F14612
Fi5612
F5 56,12
Fy66,12
F12712
F337,12
Fyq712
Fys57.12
I367.12
17712
F57.7,12
Fi23812
F333512
Fy4812
Fy5812
F36,8,12
Fi7812
Fs5 7812
Iy 88,12
I588,12
F12912
F339,12
Fr4912
Fy5.9.12
I36.9,12
Fi7912
F57912

0.00
-0.46
-0.00

0.37
-0.00
-0.00

0.48

0.00
-0.00

0.00

0.00

0.00

0.00
-0.00
-0.02
-0.00

0.00
-0.00
-0.00

0.01

0.01
-0.00
-0.00
-0.00

0.01

0.00
-0.00
-0.02
-0.00

0.00

0.01
-0.00
-0.01

0.00
-0.00

0.00

0.03
-0.00

0.00

0.01

0.00
-0.00

0.00
-0.01

F591111
Fyo.11,11
Fy10,11,11
F310,11,11
Fy11.11,11
Fg11,11,11
Fip11,11,11
Fi 2912
Fy 0312
Fi1,412
F53.412
F344.12
Fs 0512
Fi 4512
Fi55,12
Fs55.512
F136,12
F5 4612
F 56,12
Fi6.6,12
F5.6.6,12
Fs2712
Fr 4712
Fi 5712
Fs55712
Fy67,12
Fs 7712
Fs 77,12
Fs 25812
Fi 4812
Fi5812
F558,12
Fy68,12
Far812
Fs.7.812
F353812
F7 3812
F52.912
Fr 4912
Fi5912
Fs55912
Fy6,9,12
Fyr912
Fs7.9,12

-0.02
-0.23
-0.01
-0.03
0.00
-0.00
0.03
0.00
-0.00
-0.00
0.00
-0.00
0.00
0.00
-0.00
-0.02
0.00
-0.00
-0.01
-0.00
0.03
0.00
0.00
-0.00
0.01
0.00
-0.00
-0.01
-0.00
0.00
0.00
0.02
-0.00
0.00
0.00
0.00
0.00
-0.00
0.00
0.00
0.00
-0.00
0.00
-0.00




Fr 7912
Fyg912
F389,12
Fy909,12
Fg 99,12
F> 210,12
Fi 410,12
F1510,12
Fs55.10,12
Fy6.10,12
F>7.10,12
Fs.7,10,12
F3510,12
F78.10,12
F39.10,12
Fr9.10,12
F510,10,12
Fs.10,10,12
Fi0,10,10,12
Fi3.11,12
F 411,12
Fy511,12
Fi6.11,12
F5611,12
F37.11,12
F7 711,12
Fyg11,12
Fsg.11,12
Fy9.11,12
Fgo911,12

Table A21: The CcCR Force Constants for HOSH (cont.)

-0.00
-0.00
0.22
-0.00
-0.18
0.00
-0.00
-0.00
-0.00
-0.01
0.00
0.01
0.00
0.05
0.00
0.01
-0.00
0.00
0.00
-0.00
-0.00
-0.00
0.00
0.01
0.00
0.05
0.00
-0.47
0.00
-0.21

Fig912
F589.12
Fi99,12
F59.9,12
Fy 99,12
Fi 510,12
F 410,12
I 510,12
F16,10,12
F56.10,12
F3710,12
F7 710,12
Fyg.10,12
F38.10,12
Fi91012
Fg 910,12
F310,10,12
F710,10,12
Fi111,12
31112
F3411,12
351112
Fy6.11,12
Fs6,11,12
Fyri112
F1g 1112
Fs5811,12
Fi911,12
F59.11,12
Fo9.11,12

0.00
-0.00
-0.00
-0.01

0.02
-0.00
-0.00

0.00

0.00
-0.01

0.00

0.00

0.01
-0.00

0.01
-0.00
-0.00
-0.00

0.00
-0.00
-0.00

0.00

0.00
-0.03

0.01
-0.00
-0.00
-0.00
-0.00

0.19

184

Fr5912
Fs8.9,12
Fr99,12
F5.9.9,12
F1110,12
I 510,12
F3 410,12
F351012
610,12
Fs,6,10,12
Fy 710,12
Fi 810,12
F58.10,12
F1910,12
F59.10,12
Fy.9,10,12
Fy10,10,12
F310,10,12
Fi211,12
F331112
Fya11,12
Fis11,12
F36.11,12
Fir7i112
F571112
Fr81112
Fsg,11,12
Iy 911,12
Fs9.11,12
F110,11,12

-0.00
0.02
-0.00
-0.00
0.00
-0.00
0.00
0.00
0.00
-0.00
-0.00
-0.00
0.00
-0.00
0.00
-0.00
-0.00
-0.06
0.00
-0.00
0.00
0.00
0.00
-0.00
0.00
-0.00
-0.02
-0.00
-0.00
0.00

F35912
Fr8912
F39912
F79912
F1910,12
F3510,12
Fy 410,12
Fys51012
F3610,12
F171012
F5.7.10,12
I 810,12
Fs.8.10,12
Fy9.10,12
F5.9.10,12
F110,10,12
Fx 10,10,12
Fy10,10,12
591112
411,12
Fi511,12
Fs 511,12
Fy6.11,12
Fy 71112
Fg 71112
F381112
F7811,12
F39.11,12
F7 911,12
F510,11,12

0.00
0.01
-0.01
0.00
0.00
0.00
0.00
0.00
-0.00
0.00
0.01
-0.00
0.00
-0.00
0.00
-0.00
-0.01
-0.02
0.00
-0.00
-0.00
-0.00
0.00
-0.00
-0.00
-0.00
-0.01
-0.00
-0.00
0.00




F310,11,12
7 10,11,12
Fri1,11,12
Fs11,11,12
Fy11,11,12
Fi2192,12
F3319,12
Fy41212
Fu512,12
F36.12,12
Fi712.12
F571212
Fy512,12
Fs,8,12,12
F 912,12
Fs.9,12,12
F110,12,12
5 10,12,12
Fy.10,12,12
F311,12,12
F7 112,12
Fi111,12,12
Fy12.12,12
Fg 12,1212
Fi212.12,12

Table A22: The CcCR Force Constants for HOSH (cont.)

-0.00
-0.06
-0.00
0.00
0.22
0.00
-0.00
-0.02
0.00
-0.00
-0.00
0.00
-0.00
-0.01
0.00
0.00
0.00
0.00
-0.00
0.00
0.00
-0.22
0.00
-0.15
0.01

Fy10,11,12
Fg10,11,12
Fs 11,1112
Fs11,11,12
Fio11,11,12
Fy 019,12
Fi 412,12
Fi 512,12
Fs 512,12
Fy6.12,12
Fy 71212
Fg.7,12,12
F381212
F7812,12
F39.12,12
Fr9.12,12
F5 10,1212
Fg.10,12,12
F10,10,12,12
Fy11,12,12
Fg11,12,12
Fi12,12,12
F512,12.12
Fy 12,1212

-0.01
0.01
0.00
0.01

-0.01

-0.00
0.00

-0.00

-0.01

-0.00

-0.00
0.00
-0.00
-0.00
0.00
-0.00
-0.00
-0.00
0.02
-0.00
0.23
-0.00
-0.01
0.01

185

F510,11,12
Fy.10,11,12
Fs511,1112
Fri111,12
Fii11,11,12
Fi131212
F5 412,12
F 519,12
Fi 612,12
Fs56.12,12
F371212
Fr 71212
Fyg12,12
Fg 812,12
Fy9.12,12
F39.12,12
F310,12,12
F7 10,1212
Fi11,12,12
Fs11,12,12
Fy11,12,12
Fy 12,1212
Fg.12,12,12
Fip,12,12,12

-0.00
0.00
0.00
0.01

-0.47
0.00
0.00
0.00

-0.00

-0.02
0.00
0.01
-0.00
-0.25
0.00
0.16
0.00
-0.02
0.00
-0.01
-0.18
-0.00
-0.02
0.00

Fs.10,11,12
Fio,10,11,12
Fyi11112
Fs11,11,12
Fy112,12
Fy31212
F3412,12
F3512,12
F56,12,12
Fe6,12,12
Fyr1212
F1812,12
F581212
Fi1912,12
F59.12,12
Fy9.12,12
Fy10,12,12
F310,12,12
F5 111212
Fs11,12,12
Fio,11,12,12
F312,12.12
F7 12,1212
Fi1,12,12,12

0.00

0.07
0.00

0.47
-0.00
0.00

-0.00
-0.00
-0.00
0.02

0.01

0.00

0.02
0.00
0.02
-0.02
0.01

0.00
0.00
0.03
-0.00
0.00
-0.00
0.16




Fi,
Fi5
Fi
113
£y 4
Fyg
Fs 10
F33
Fs7
F311

)

Fy

Fyq10

Table A23: The CcCR Force Constants for HSSH

0.035389
-0.012017
0.012252
0.025097
-0.135663
-0.004840
-0.024657
0.131267
0.000755
-0.020648
0.019266
-0.012234
-0.012017
0.150976
0.001939
0.011507
-0.134207
-0.015732
-0.014332
0.005396
0.011489
-0.012646
-0.020025
0.134207
0.012252
0.001939
0.148767
-0.000408
-0.012646
-0.011507
-0.000435

Frp
Fig
Fi 10
Iy
Fs 5
Fag
I3
F34
F38
F3 10
Fy3
Fyr7

0.025097

0.011507

-0.000408
0.132705

0.131307

-0.000435
-0.128366
-0.133790
-0.000898
-0.025124
-0.011489
-0.014332
-0.135663
-0.134207
-0.012646
0.131307

0.148767
-0.012252
0.000462

0.012234

-0.020648
0.004713

-0.001939
-0.012017
-0.004840
-0.015732
-0.011507
-0.000435
-0.012252
0.035389

-0.001755

186

Fi3
Fi 7
o
Fyo
Fye
F5 10

Fs 2
Fs6
510
Frq
F75
Fr 9
F7 13
Fs 4
Fg g
F3 12
Fy3
Fy 7
Fo11
Fiop2
Fio6

-0.024657
-0.014332
-0.000435
-0.128366
0.000462
-0.001755
0.131327
0.000916
-0.001899
0.024639
-0.154572
0.000462
0.131267
0.005396
0.004713
-0.133790
0.012234
0.004840
0.000916
0.189553
-0.025124
-0.001001
0.019266
-0.135663
0.000755
0.011489
-0.131307
-0.000898
-0.020648
0.025097
-0.001899

Fyy4
Fig
Fi 19
3
Iy
Fa 11
F3
F3
F310
Fyq
Fy5
Fyg
Fyq3
F54
F5 8
F5 12
Fs 3
Fes 7
Fs 11
F7 o
Fr6
F7 10
Fsq
Fy 5
Iy
F313
Fy 4
Fyg
Fy 12
Fio3
Fioz

-0.020648
-0.012646
0.000898
-0.025124
0.004713
0.001899
0.024639
-0.001001
0.001708
0.189553
0.005396
-0.000916
0.019266
-0.020025
0.001001
-0.011489
-0.001939
0.000755
-0.154572
0.019266
-0.024639
0.005396
0.150976
-0.131267
-0.012234
0.134207
-0.133790
-0.014332
-0.012017
0.024657
0.000462




Table A24: The CcCR Force Constants for HSSH (cont.)

0.004713
-0.131307
0.000898
0.001001
-0.133790
0.0248
-0.0370
-0.2902
0.0696
0.0372
-0.0433
-0.2924
0.0805
0.2968
-0.0736
-0.1441
0.0110
-0.0728
0.1387
0.0186
0.0080
-0.0086
-0.0073
-0.0074
-0.0252
-0.3933
0.0052
0.0005
0.0054
-0.0034
-0.0008
-0.0069
0.0166
0.0021
-0.0041
-0.0058
-0.0009
-0.0013
0.0002
0.0044
-0.0062
0.0086
0.0005

Fss8
F339
Fyap9
Fus9
F369

30y

Fi7o

Fs79
Fy39

s

0.004840
0.025097
0.001899
0.000755
0.024657
0.0380
0.0812
0.1459
0.0367
0.0303
0.0659
0.2925
-0.0238
0.0899
-0.2935
-0.0297
0.0659
-0.2991
0.0919
-0.0001
-0.0027
0.3933
-0.0166
-0.0012
-0.0267
0.0124
0.0004
-0.0014
-0.0124
-0.0183
0.0016
-0.0095
0.0183
0.0007
0.0012
-0.0082
-0.0025
0.0117
-0.0099
0.0062
0.0101
-0.0044
0.0013

187

F1113
Fi29
F93
Fi14
Fy3.4
F344
Fyo5
Fra5
Fis5
Fs5.5
Fis6
I 46
56
Fise
Fs6.6
a7
Fia7
Fi57
Fs 5.7
Fye,7
Fy 77
Fs 7.7
Fy08
Frag
Fiss
Fs558
Fu68
Fy78
Fs 7.8
F3g8
Fr88
F29
Fiag
Fis9
F559
Fy6,9
Fyr9
Fs7.9
F389

-0.025124
0.132705
0.001708

-0.024639
0.128366

-0.0661
0.2918
-0.0440
-0.0888
-0.0301
0.1483
0.0308
-0.0636
0.1407
0.0651
0.0807
0.2944
-0.0631
0.3005
-0.0034
0.0074
0.0105
-0.0242
0.0086
-0.0059
0.0117
-0.0000
0.0063
-0.0025
0.0041
-0.0044
0.0073
-0.0099
0.0010
-0.0899
0.0026
-0.0060
0.0073
0.0012
-0.0251
-0.0035
0.0251
0.0011

Fio11

F356

10y
10y
19y

) Ey

Fie7
6,
7,

2 by

Fy48

Ig)

Fros

) %Ey

F1,6,9
,0,
s

2 by

-0.135663
0.128366
-0.000916
-0.131267
0.131327
-0.1493
-0.0651
-0.0369
0.0692
-0.4571
-0.0731
-0.0642
-0.1442
0.0423
0.2914
-0.0655
-0.2939
-0.2962
-0.1296
0.0021
0.0057
-0.0017
-0.0143
0.0063
0.0074
0.4571
-0.0074
-0.0075
-0.0024
0.0070
0.0034
0.0021
0.0238
0.0242
-0.1407
-0.0010
0.0110
-0.0038
-0.0011
-0.0055
0.0014
0.0110
0.0063




F3 10,10
F7 10,10
Fiin
311
F3411
F3511
I611
Fs 6,11
Fy711
Fig11
F55.11
Fi911
Fs5911
Fy911
Fy10,11
F310,11
Fy11,11
Fe11,11
Fio11,11

Table A25: The CcCR Force Constants for HSSH (cont.)

0.0034
0.0036
0.0069
-0.1296
-0.0017
0.0009
0.0001
0.0017
0.0005
-0.0009
-0.0372
-0.0105
0.0636
-0.0143
0.0659
0.0005
0.0440
0.0001
0.0000
0.0029
-0.0010
-0.0000
0.0026
-0.0057
-0.0001
0.0024
0.0003
-0.0008
0.2962
0.0001
-0.0659
-0.0010
0.0026
0.0661

Fs.9,11

Fi1011
Fs 1011
Fy10.11
F31111
Friinn
Fiinn

0.0055
-0.0026
-0.0062

0.0006
-0.0004

0.0021
-0.0001

0.0003
-0.0036
-0.0074
-0.0020

0.0025

0.0017

0.0070

0.0631
-0.0186

0.0433
-0.0002
-0.0008

0.0059
-0.0073

0.0009
-0.0009

0.0075

0.0018
-0.0038
-0.0000
-0.0044

0.0010
-0.0004
-0.0736
-0.0009
-0.0696

0.1493

188

I7s9

F7 911
1011
Fe 10,11
Fio,10,11
Fyi1i11
Fg 1111

Fi1,12

-0.0728
-0.0029
-0.0919
-0.0010
-0.0014
0.0267
0.0095
0.0015
0.0006
-0.0063
-0.0002
0.0073
0.0007
0.0011
-0.0006
-0.0052
0.0423
0.0010
-0.0003
0.0002
-0.0007
-0.0035
-0.0022
0.0110
0.0018
0.0642
-0.0003
0.0807
0.0002
-0.0082
-0.0380
0.0034
-0.1483
0.0005

F39.11
F310,11
Fr7 10,11
i
Fs1111
Fo11,11
Fi212

-0.2991
0.0252
-0.3005
-0.0001
-0.0006
0.0020
-0.0021
0.0101
0.0003
-0.0060
-0.0002
-0.0308
0.0009
-0.0297
-0.0001
-0.0058
-0.0248
-0.0007
0.0022
-0.0018
0.0007
0.0013
-0.0028
-0.0303
0.0017
0.1442
-0.0074
0.2944
0.0006
0.0369
0.0001
0.0000
-0.2935
0.0006




Fy019
Fi410
Fi512
F5512
Fy6,12
Fy 7490
Fs7.12
F33190
Fr810
F39.12
F79.12
F5 10,12
Fs.10,12
Fi010,12
Fyi112
Fg 11,12
Fi12.12
Fs512.12
Fy12,12
Fii11
Fr99.0
093
Fi333
Fii124
F1234
F3334
Fi344
Fy 444
Fii25
Fi235
I3335
Fi345
445
Fio55
3355
Fia55
Fy555
Fio06
0356
Fii46

sy %y

Table A26: The CcCR Force Constants for HSSH (cont.)

-0.0009
-0.0009
-0.0002
0.0010
-0.0014
0.0029
0.0013
-0.0013
0.0805
-0.0008
0.0655
-0.0007
0.0010
-0.0370
0.0080
-0.2924
0.0014
0.0014
-0.1441
0.02
-0.12
-0.38
-0.09
0.13
-0.14
0.08
0.14
0.16
0.12
0.18
0.37
0.13
0.11
0.10
0.62
-0.22
0.10
0.18
-0.62
0.12

Fy510
F 410
Iy 512
16,12
F56,12
F3 712
Fr 710
Fyg12
Fg 812
Fy912
Fg 9,12
F3 10,12
F7 10,12
Fi1112
F511,12
Fy 11,12
F 1912
Fs12,12
F1o,12,12
11,2
Fii13
Fii133
Iy333
Fi2904
Fr234
Fi144
Fr344
I3 444
Fio05
Ir235
145
Fy345
I3 445
055
Fia55
Fis555
F5555
Fr2956
Fi336
Fioa6

14y Es

0.0009
-0.0028
0.0018
-0.0009
-0.0011
0.0025
-0.0301
-0.0073
0.2968
0.0012
0.2939
-0.0009
0.0367
-0.0004
0.0005
-0.2914
0.0008
-0.0025
0.0651
-0.12
0.11
-0.12
-0.37
0.11
0.18
0.01
0.14
-0.16
-0.10
0.38
-0.12
-0.18
-0.14
-0.12
0.12
-0.12
-0.14
0.38
0.10
0.13

189

F 319
I3 410
F3512
Fs612
Fs 6,12
Fy712
Fig.12
F5812
F1912
F5912
Fy0.12
Fy 10,12
F3 10,12
11,12
Fe11,12
Fip 11,12
F3 1912
F7 1212
Fi1,12,12
Fi12,2
Fii123
Fio33
F3333
Fy29.4
F1334
Fio44
F3344
Fra44
095
Fi335
Fia45
F33.4.5
Fya45
Fis55
455
Fy555
Fii16
Fii136
Fy3356
246

-0.0003
-0.0025
0.0013
0.0003
-0.0029
-0.0086
-0.0001
-0.0034
-0.0015
-0.0016
0.1387
0.0021
-0.0731
0.0000
0.0009
0.0812
0.0008
-0.0692
0.2902
-0.12
0.14
0.18
-0.12
-0.08
0.12
-0.14
-0.12
0.81
0.12
-0.18
-0.11
0.18
-0.17
-0.18
-0.09
0.13
-0.11
0.12
0.37
-0.18

F5312
Fy410
Fy512
F36.12
Fi 712
Fs 712
Fr5.12
Fs8.12
Fy9.12
Fs.9,12
F110,12
Fs10,12
Fy10,12
F31112
F711,12
Fi111,12
Fy12.12
Fg12,12
Fi212,12
Fio90
Fi23
Fr033
Fii14
Fi134
F533.4
Fr944
Fiaaa
Fii15
Fii135
Fy335
Fs245
Fra45
Fii155
Fy355
3455
F3555
Fii26
Fio36
F33356
Fi346

0.0008
0.0074
0.0021
-0.0008
0.0021
0.0054
-0.0010
-0.0002
-0.0009
0.0062
-0.0017
-0.0074
-0.0651
0.0003
-0.0888
0.2918
0.0027
-0.2925
0.1459
0.09
-0.18
0.62
-0.01
-0.13
-0.18
-0.12
0.01
0.11
-0.14
-0.62
0.08
0.13
-0.13
-0.38
0.17
0.38
-0.14
-0.18
0.12
-0.12




Fy3456
F54456
Fro56
Fiase
Fis56
F55556
Fi36.6
Fr466
Fy566
Fi6.6,6
F56.6,6
Fi27
Fro37
Fiia7
Fy347
F3447
057
Fra57
Fis57
F5557
Fi36,7
Fya67
Fa56,7
Fis6,7
Fs6.6,7
o707
Fiarq
Fisq77
Fss77
Fye77
Fyr77
o777
Fia23

Table A27: The CcCR Force Constants for HSSH (cont.)

0.18
0.12
-0.38
-0.13
0.18
-0.37
-0.10
-0.18
-0.63
0.12
-0.37
0.00
-0.00
0.00
-0.01
0.03
0.02
-0.01
0.01
0.01
-0.00
0.00
0.00
0.01
0.00
-0.00
0.02
0.01
-0.10
0.01
-0.02
-0.01
0.01

F33456
Fraa6
Fis56
456
Fys556
Fi166
Fr36.6
F3466
F3566
Fy6.6.6
Fs.6,6,6
Fy9907
Fi337
Fioa7
F3347
Fraa7
Fi 357
Fs 457
Fys557
Fii67
Fy367
3467
F356,7
Frg6,7
Fs6.6,7
Fis77
a7
Fos77
Figrq
Fse77
F3777
777
Fr2038

-0.09
0.18
0.17
0.17
0.37

-0.12

-0.38
0.10
0.37
0.38

-0.14

-0.01
0.00
0.01
0.00

-0.79
0.01
0.00

-0.02

-0.01

-0.00
0.00

-0.00
0.00

-0.00

-0.00
0.02

-0.01

-0.01
0.00
0.03
0.81

-0.00
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1446
Fii56
356
3456
3556
266
F336,6
Fua66
Fys56.6
3666
Fii17
Fi137
Fy337
o047
Fiaa7
Fii57
Iy357
3457
F3557
Fio67
3367
Fya67
Fy567
3667
Fiaiz7
377
3477
F3577
Frer7
Fs,7,7
Fy777
Fii18
F11338

-0.13
0.14
0.62

-0.17

-0.63
0.18

-0.13

-0.23
0.17
0.14

-0.02
0.01
0.00
0.01

-0.02
0.00

-0.00
0.00
0.00
0.01

-0.01

-0.04
0.00
0.00
0.01
0.01

-0.02

-0.01

-0.01

-0.11

-0.79
0.01
0.00

446
Fio56
I3356
Fya56
Fys55.6
266
Fra66
Fi56.6
F5566
Fy6.6,6
Fii27
Fio37
F3337
Fysa7
Fy 447
257
F3357
Frasq
Fys57
067
F1 46,7
F156,7
F5 56,7
Fye,6,7
o707
I3377
Fyarn
Fys7
Fs677
777
Fs 777
Fii258
F12338

-0.14
-0.18
-0.37
0.13
-0.17
0.63
0.12
-0.17
0.64
-0.13
-0.01
-0.00
0.01
-0.01
-0.03
-0.00
0.00
0.05
0.10
0.00
0.02
-0.01
-0.01
0.10
0.00
-0.01
0.79
-0.04
0.00
-0.04
0.03
-0.00
0.00




Fr033
Fi148
Fr3438
F3448
058
Frasg
Fis558
F5553
Fi368
468
Fas568
Fi663
Fs56.6,8
2738
Fiarg
Fis78
Fss573
Fu6738
Fyr73
Fs7.78
0388
Frasg
Fisss
F5558
Fi638
788
Fs7.88
F35353
Frs83
Fia29
Fy039
Fii149
Fy3409
F34409
259
Fias9
Fis559
Fs55.9
Fis69
Fr469
Fy5.6,9

Table A28: The CcCR Force Constants for HSSH (cont.)

-0.00
-0.01
-0.00
-0.00
0.01
0.00
0.02
0.01
0.01
0.00
0.00
-0.00
-0.01
-0.00
0.00
-0.01
0.01
0.00
0.01
-0.01
-0.00
-0.01
-0.01
-0.01
-0.01
0.00
0.01
0.00
0.10
0.00
0.00
0.01
0.00
0.01
-0.00
-0.00
0.00
-0.01
0.01
-0.00
0.01

Fi333
Fioag
F3348
Firaa38
Fi3538
Fru58
Fys553
Fi168
Fy368
F3468
F356,8
Fr6638
Fs6,6,8
Fi373
Fr4738
o578
Figrs
Fs6738
3773
778
Fi3838
Fru88
Fys553
Figsg
F5653
37388
Fr 788
Fygs3
F3s538
Ir229
Fi339
Fi4p9
F3349
Fyaa9
Fi359
Is459
Fy559
Fi169
Fy369
F3469
F3569

-0.01
-0.00
0.01
0.03
-0.00
0.01
-0.01
-0.00
0.00
-0.01
0.00
-0.00
-0.00
-0.01
-0.01
0.00
0.00
0.00
0.00
-0.17
-0.00
-0.00
0.01
0.01
-0.01
-0.00
-0.22
0.01
-0.14
0.00
-0.01
0.00
0.01
0.01
0.00
0.01
0.01
0.01
0.00
-0.01
0.00
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Fy333
Fy048
Fiaas
158
358
F3458
3553
Fio63
I3363
Fya68
Fys568
3663
Fii738
378
34738
Fs3578
678
Fs6,7,8
Fyq778
188
Iy338
F3488
3553
658
Fs6,8,8
Fi783s
Fissgs
Fs353
Fii19
Fi139
Iy339
Fy94p9
Fi4a9
Fi159
Fy359
3459
Fs35509
Fi26,9
F3369
Fya69
Fys569

-0.00
-0.00
0.01
0.01
0.00
0.00
-0.00
-0.00
-0.00
0.00
-0.00
0.00
0.01
0.00
0.00
-0.00
-0.00
-0.00
0.05
-0.01
-0.00
0.01
0.00
0.00
0.01
0.10
0.01
0.01
-0.00
0.00
0.00
-0.01
-0.01
-0.00
-0.00
-0.00
0.01
0.00
0.01
0.11
0.00

F3333
Iy 348
Iy 448
Fio58
F3358
Frasg
Fys558
Iy 268
F1468
5638
F556,8
Fy6,6.8
Fi2738
I33738
Fyars
Fys78
Fs673
778
5778
I288
F3388
Fragg
Fy55.8
I368.8
7838
Fs5788
Frgs8
Fs 888
129
Fi239
F3339
Fi349
Fraap9
259
I3359
Fyu59
Fys559
Fy069
Fia69
569
F55609

0.00
0.00
0.01
-0.01
-0.00
0.10
-0.02
-0.00
-0.00
-0.00
0.00
0.01
0.00
-0.00
-0.04
-0.09
0.00
-0.01
0.10
0.00
0.00
-0.10
0.01
-0.00
0.01
-0.02
-0.01
0.01
0.01
-0.00
-0.01
-0.00
-0.01
-0.00
-0.01
0.01
-0.01
-0.01
-0.00
0.00
-0.01




Fi66,9
Fs6.6,9
Fao79
Fiang
Fis79
F557.9
Fye,7,9
Fy77.9
Fs7.7.9
Fy0389
Firag9
Fi589
Fs589
Fi639
Fy789
Fs7.89
F388,9
Frg89
Fr299
Fia99
Fis909
F559.9
Fy6,9.9
Fy7909
Fs7.99
F33909
Fr3909
Fs5999
Fr9909
Fi1.2,10
Fi2310
F33310

Table A29: The CcCR Force Constants for HSSH (cont.)

-0.02
-0.00
0.00
-0.01
0.01

0.01

-0.10
-0.00
0.11

0.00
-0.00
0.00
0.01

-0.00
0.00
0.00
-0.00
0.17
0.00

0.00

-0.00
0.01

-0.00
-0.00
-0.02
-0.00
0.17
-0.00
0.13

0.00

-0.00
-0.00

Fr66,9
Fs6.6,9
Fis79
479
Fy57.9
Fi6,7,9
Fs6.7.9
3779
Fr77.9
Fi339
Fr489
Fy589
Figs9
F565,9
3759
Fr 789
Fys89
F3s59
Fis99
Fr499
Iy5909
Fi69,9
Fs699
37909
Fr7909
Fyg9.9
Fg 89,9
Fyo99
Fg999
Fi2910
Fs23.10
F114.10

-0.00
0.00
0.00
0.01

-0.01

-0.01

-0.00
0.00

-0.18

-0.00

-0.00

-0.01

-0.00
0.01

-0.00

-0.13
0.01
0.37
0.00

-0.00
0.00
0.01

-0.00

-0.01

-0.23
0.00
0.64
0.00
0.37
0.00
0.00

-0.00
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F36,6,9
Fii79
Fy379
F3479
Fs3579
Fy679
Fs6,79
Fy779
Fi189
Iy389
Fs3489
F3589
Fre89
Fs6.8,9
Fy780
F1g3s9
F588,9
Fii199
Fy399
F3499
Fs35099
Fr69.9
Fs6,99
Fy799
Fig99
F5399
Fi1999
F599.9
Fy9.9,9
Fy2910
Fi3310
F124.10

-0.01
-0.01
0.00
-0.00
-0.00
0.00
0.00
0.04
0.00
0.00
0.00
-0.00
-0.00
0.00
-0.00
0.00
-0.00
-0.01
-0.00
0.00
0.00
-0.00
0.01
0.10
0.00
-0.01
-0.01
0.00
-0.14
0.00
-0.00
-0.00

Fy6,6,9
Fia79
F3379
Fya79
Fys79
F36,7,9
Fiz779
Fs 779
Fi23s9
I3389
Fyag9
Fys5.8,9
F36389
Fi789
I5789
Fr589
Fs8,8,9
Fi299
F33909
Fy4009
Fi5909
F36,9,9
Fi799
Fs7909
Fr599
I538.9.9
Fr9909
Fs,9,9.9
Fi11,10
Fi1310
Iy 3310
50410

0.02
-0.01
-0.00
-0.01
-0.00

0.01

0.01
-0.00

0.00

0.00
-0.00
-0.00
-0.00

0.00

0.00

0.00
-0.01
0.00
-0.00
-0.11
-0.00
0.00
0.01
0.01
-0.00
0.00
0.00
0.00
0.00
0.00
-0.00
0.00




F13.4,10
F 4410
Fi2510
F33510
Fy4510
Fy 55,10
F> 26,10
Fi 46,10
Fi 56,10
F55.6,10
Fi66.10
Fi 2710
F337.10
Fya710
Fy5.710
F36.7,10
Fi7.710
Fs 7710
Fi 2510
F33510
Fya810
Fy58,10
F365,10
Fi 75810
Fs575810
Fy35,10
Fs.8,8.10
Fi2910
F33910
Fya9.10
Fy5910
F36.9,10
Fi7.9,10
Fs7.9.10
Fy39.10
Fs8.9,10
Fy9.9,10
Fs.9,9,10
Fi1,10,10
5 310,10
F3.4,10,10
I35.10,10

Table A30: The CcCR Force Constants for HSSH (cont.)

0.00
0.00
-0.00
-0.00
-0.01
0.01
-0.00
-0.00
-0.00
-0.00
0.01
0.00
-0.00
0.02
0.00
0.00
0.00
0.01
0.00
0.00
0.01
-0.01
0.00
-0.00
0.00
0.00
-0.00
0.00
0.00
0.01
-0.00
-0.00
0.00
0.00
0.00
0.00
0.00
0.02
-0.00
-0.00
-0.00
0.00

F53.410
F3 4410
Fy0510
F145.10
F155.10
F555,10
Fi 36,10
F 46,10
Fy 56,10
F166.10
F56.6.10
2710
Fi 4710
Fi5710
F55.7,10
Fy6.7,10
Fs 7710
Fs7.710
Fy2510
F143810
Fi55,10
F55.8,10
Fi6510
F> 7510
Fs7.8,10
F335 10
F7.8.8,10
52910
Fi 4910
Fi59,10
F559,10
Fy6.9,10
Fs 7910
Fs7.9,10
F359.10
Fr89.10
F39910
F7.9.9,10
Fi 210,10
F33.10,10
Fy 410,10
Fy5.10,10

-0.00
-0.00
-0.00
-0.00
0.00
0.01
0.00
0.00
0.00
-0.00
0.00
-0.00
-0.01
0.00
-0.01
0.01
0.00
0.01
0.00
0.00
-0.00
-0.01
-0.01
-0.00
0.00
0.00
0.12
0.00
0.00
-0.00
-0.01
-0.01
0.00
-0.00
-0.00
0.13
-0.00
0.12
-0.00
0.00
0.01
0.01
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F33.410
Fya410
Fi3510
Iy 4510
Iy 5510
F116,10
Iy 56,10
F3 46,10
F356,10
66,10
Fg,6,6,10
Fi 3710
> 4710
Fy 5710
Fi6.7,10
F5.6,7,10
F3 7710
Fr 7710
Fi3810
I 4810
Iy 55,10
F168,10
F56.8,10
F3 7510
Fr 7810
Fyg5.10
Fg 88,10
Fi 3910
F5 4910
Fy59.10
Fi6.9,10
F5.6.9,10
F379,10
Fr79,10
Fyg9.10
F389,10
Fy99,10
Fg 99,10
F 210,10
Fi 410,10
F15,10,10
Fs55.10,10

0.00
-0.04
0.00
-0.00
0.00
0.00
0.00
-0.00
-0.00
-0.00
0.01
-0.00
-0.00
0.01
-0.00
0.00
-0.00
0.01
-0.00
0.00
-0.00
0.00
-0.00
0.00
0.13
0.01
-0.12
0.00
-0.00
0.00
0.00
-0.00
-0.00
0.13
0.01
-0.18
0.01
-0.17
0.00
0.00
-0.00
-0.01

Fi 4410
Fi1510
Iy 3510
34510
I35510
Fi126,10
F35610
Fy46,10
Fy5.6,10
366,10
F117,10
Fs 3710
F3 4710
F357.10
I 67,10
F56,7,10
Fy 7710
Fi1810
Iy 3810
34810
I355.10
F6.8,10
Fs.6,8,10
Fy78.10
I 88,10
F5858.10
Fi1,0.10
Fs 3910
F3 4910
F359.10
569,10
I5.6,9,10
Fy79.10
Fi5910
F589.10
I 99,10
F59.9,10
Fy9.9,10
Fi 510,10
F5 410,10
F5 510,10
F1610,10

0.00
0.00
-0.00
0.00
0.00
-0.00
0.00
-0.01
-0.00
-0.00
0.00
0.00
0.00
-0.00
-0.00
0.00
-0.02
-0.00
-0.00
0.00
0.00
0.00
-0.00
-0.01
0.00
0.02
-0.00
-0.00
-0.00
0.00
0.00
-0.01
-0.02
0.00
0.00
-0.00
-0.00
-0.12
-0.00
0.00
-0.00
0.00




F56.10,10
Fs.6,10,10
Fy 710,10
F1810,10
F5.8,10,10
F1,9.10,10
F5.9.10,10
Fy.9.10,10
Fy10,10,10
F3.10,10,10
Fii211
Fi2311
F33311
F13411
Fy 4411
Fia511
F33511
Fya511
Fy5511
I 26,11
F146,11
Fi1 56,11
Fs5611
Fyi6611
Fia711
F33711
Fya711
Fys5711
F36.7.11
Firz711
F5 7711
Fias11
F33511
Fya811
Fy5811
F365.11
F17811
Fs 7811
Frg811
Fss.8,11
F12911

Table A31: The CcCR Force Constants for HSSH (cont.)

0.00
-0.01
0.00
0.00
0.01
-0.00
0.00
-0.12
-0.02
0.11
0.00
-0.00
-0.00
0.00
-0.00
0.00
-0.00
0.01
0.00
-0.00
-0.00
-0.00
-0.00
-0.00
0.00
0.00
0.02
-0.01
0.00
0.00
0.01
-0.00
0.00
-0.01
0.00
-0.00
-0.00
0.01
0.00
-0.01
0.00

F36.10,10
Fi 710,10
F5.7.10,10
F5510,10
Fs.8,10,10
F>9.10,10
Fs.9,10,10
Y 10,10,10
£ 10,10,10
Fy.10,10,10
Fi2211
Fr0311
Fi1,411
F3.411
F34411
Fr9511
Fras11
Fis5511
F555.11
Fi 3611
Fy 4611
F 5611
Fi6611
Fs56.6,11
Fr2711
Fira711
Fis5711
Fs5 5711
Fye711
For711
Fs 7711
Fr95811
Fia811
Fis5511
F555.11
Fy6811
Fy 7811
Fs7.811
F335811
Fre8.11
Fr2911

0.00
-0.00
-0.01

0.00

0.00

0.00

0.01

0.00

0.01

0.11

0.00

0.00
-0.00

0.00
-0.00
-0.00
-0.00

0.00
-0.01
-0.00
-0.00

0.00

0.00
-0.00

0.00
-0.00

0.00
-0.00
-0.01
-0.00

0.01

0.00

0.01
-0.00

0.01

0.01

0.00
-0.01
-0.00
-0.09
-0.00
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Fy6.10,10
F> 710,10
Fs.7.10,10
F3310,10
F7 810,10
Fs9.10,10
F7 910,10
F5 10,10,10
F5,10,10,10
F10,10,10,10
Fy9011
Fi3311
Fi 2411
F33411
Fyaa11
Fi3511
Iy 4511
Fy5511
Fi1611
Fy 3611
F3 46,11
F356,11
66,11
Fs6,6,11
Fi3711
Iy 4711
Fy 5711
Fy 6711
F5 67,11
37711
7711
Fi3811
Iy 4811
5811
Fies8,11
F568,11
375811
77811
Fygs11
Iy 88,11
Fi3911

0.01
-0.00
-0.01
-0.00
-0.12

0.00
-0.12

0.00

0.00

0.02

0.00

0.00

0.00
-0.00
-0.02
-0.00

0.00

0.00
-0.00
-0.00

0.00

0.00

0.00
-0.00
-0.00

0.00
-0.00

0.00

0.00
-0.00

0.16

0.00
-0.00
-0.00
-0.00

0.01

0.00

0.11
-0.02

0.13
-0.00

Fs6.10,10
F3 710,10
7 710,10
Fy810,10
F38.10,10
Fy9.10,10
F3.9.10,10
F310,10,10
7 10,10,10
Fii1,11
Fii3n
Fy3311
Fy0.411
Fia411
F11511
Fy 3511
F34511
F35511
F126,11
F33611
Fya6,11
Fy56,11
F366,11
Fia711
Fy3711
F34711
Fs357.11
Fy6.7.11
Fs6,7,11
Fyrrn
F11811
Fa 3811
F34811
F35511
Fr6811
Fs6,8,11
Fyrg11
F1 8811
Fs35811
Fii1911
Fr3911

-0.00
0.00
0.01
0.00

-0.13
0.01

-0.14
0.00

-0.01
0.00
0.00
0.00

-0.00
0.00
0.00

-0.00
0.00
0.00
0.00
0.00
0.00

-0.00
0.00
0.00

-0.00
0.00

-0.00
0.00

-0.00

-0.03

-0.00
0.00

-0.01

-0.00

-0.00
0.00
0.00
0.00

-0.01

-0.00

-0.00




F33911
Fua911
Fyis5911
F369.11
Firom1
F57911
Fr 8911
Fsg.9,11
Fr99.11
Fs99,11
F111011
F3 310,11
F3 410,11
F3510,11
Fy6,10,11
F5.6,10,11
Fy710,11
F1810,11
Fs58.10,11
I 910,11
F59.10,11
Fy.9,10,11
Fy 10,10,11
F310,10,11
Fi211,11
F331111
Fya11,11
Fys51111
F36.11,11
Fi 711,11
Fs71111
IFyg1111
Fe8,11,11

Table A32: The CcCR Force Constants for HSSH (cont.)

0.00
0.01
0.00
-0.00
-0.00
-0.00
-0.00
0.01
0.00
0.00
-0.00
0.00
-0.00
-0.00
-0.00
0.00
0.01
-0.00
-0.01
0.00
0.00
0.18
-0.01
0.12
-0.00
-0.00
-0.00
-0.00
0.00
0.00
-0.00
-0.00
0.00

Fia911
Fis5911
F559.11
Fy6.9.11
Fy7911
Fs7.9,11
F38911
Fr8911
F399.11
F799.11
F121011
F3310,11
Fu41011
Fu5.10,11
F36.10,11
F171011
Fs5 710,11
Fa 810,11
Fs.8,10,11
F59.10,11
Fs.9,10,11
1 10,10,11
Ffs.10,10,11
Fy10,10,11
Fy011,11
Fia11,11
Fis1111
F5511,11
Fu611,11
Fy 711,11
Fes711,11
F3811,11
Frg11,11

0.00
-0.00
-0.00

0.00

0.00
-0.00
-0.00
-0.17

0.00
-0.18
-0.00

0.00

0.00

0.00
-0.00
-0.00
-0.00

0.00

0.00
-0.00

0.00

0.00
-0.00

0.14
-0.00
-0.00

0.00
-0.00
-0.00
-0.00

0.01

0.00

0.08
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Iy 4911
Fa5911
Fi6911
F569,11
37911
Fr7911
Fyg911
F389.11
Fy99.11
F3909,11
F2 10,11
Fi 41011
Fi510,11
Fs5510,11
Fi6,10,11
571011
Fs.7,10,11
Fs810,11
Fr 810,11
F3910,11
F7910,11
F510,10,11
Fg,10,10,11
F10,10,10,11
Fi311,11
Fy 411,11
Fr511.11
Fi611,11
Fs6.11,11
F3 711,11
771111
Fig1111
Fgg 11,11

-0.00
0.00
0.00

-0.00

-0.00
0.14

-0.00

-0.37
0.00

-0.63

-0.00
0.00
0.00
0.00
0.01
0.00

-0.00

-0.00

-0.11
0.00

-0.13
0.00

-0.01

-0.12

-0.00
0.00
0.00

-0.00

-0.00

-0.00

-0.12
0.02

-0.12

F349,11
Fs35911
Fr6.9.11
Fs6.9,11
Fyro11
Fig911
F589,11
Fi9911
F5909.11
Fy909,11
F131011
F 41011
F5 510,11
Iy 610,11
F56,10,11
F371011
7 710,11
Fy 810,11
I3 810,11
Fy9.10,11
F39.10,11
F3.10,10,11
F7 10,1011
Fi111,11
Iy 311,11
F3 411,11
F351111
Fy611,11
Fs6,11,11
Fy711,11
Fig 1111
F5811,11
Fio1111

0.00
0.00
0.00
0.00
-0.00
-0.00
-0.00
-0.00
-0.00
-0.38
0.00
0.00
-0.00
-0.00
-0.00
-0.00
-0.14
-0.00
0.10
-0.01
0.18
0.00
0.13
0.00
-0.00
0.00
0.00
0.00
0.00
0.01
-0.00
0.01
0.00




Fy 911,11
Fs9,11,11
I 1011,11
Fs10,11,11
Fy10,11,11
F3 111,11
F7i11111
Fii1111,11
Fy99010
Fi 3312
Fi 2412
F33412
Fya412
Fi3512
Fs 4512
Fy 5512
Fi16,12
F5 36,12
F3.46,12
F356,12
F 66,12
Fe.6,6,12
Fi37102
Iy 4712
Fy57.12
Fi6712
Fs56.7,12
F3 7712
Fr 7712
Fi3812
Fs 4812
Fy 5512
Fi6812
F568,12
37512
F778,12
Fyg512
F3 388,12

Table A33: The CcCR Force Constants for HSSH (cont.)

0.00
-0.01
0.00
0.01
-0.18
0.00
-0.08
-0.12
-0.00
0.00
0.00
-0.00
-0.03
0.00
-0.00
0.00
0.00
0.00
0.00
-0.00
-0.00
-0.00
0.00
-0.00
0.01
-0.00
0.00
-0.00
0.16
-0.00
0.00
0.00
0.00
-0.00
0.00
0.14
-0.00
-0.38

F3911,11
Fr91111
F510,11,11
Fs.10,11,11
Fi0,10,11,11
Fyi1,11,11
Fg 11,1111
11,12
F11312
Fy3312
Iy 04,12
Fy 4412
F11512
F 3512
F345.12
F35512
Fi 2612
F336.12
Fya612
Fy 56,12
F36.6,12
1712
Fy 37,12
I3 4712
F357.12
F6.712
Fs6,7,12
Fy7712
F11812
Fy 3812
F3 4,812
F355.12
68,12
F56.8,12
Fy7812
Fi8812
F55312
Fi1912

0.00
0.18
0.00
-0.00
-0.12
-0.01
0.12
-0.00
-0.00
-0.00
0.00
0.00
0.00
0.00
0.00
-0.00
0.00
-0.00
0.00
-0.00
-0.00
0.00
-0.00
-0.00
0.00
0.00
-0.00
-0.03
-0.00
-0.00
0.00
0.00
0.00
-0.00
-0.00
-0.00
0.00
0.00
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Fyo11,11
Fg911,11
F310,11,11
F7 10,1111
Fii111,11
Fs11,11,11
Fo11,11,11
1012
Fi2312
F33312
Fi3412
Iy 4412
F12512
F33512
Fua512
Fus5512
526,12
Iy 46,12
F1 56,12
F55.6,12
Fi66,12
2712
I337.12
Fya712
Fy5.712
F36712
Fi 7712
F5 7712
F123812
F333812
Fya812
Fu5812
F368.12
Fi 7512
I578,12
Fr 8812
Fs8.812
Iy 2912

-0.00
0.38
0.00
0.11
0.00

-0.00

-0.38

-0.00
0.00
0.00
0.00
0.00
0.00
0.00

-0.00
0.00
0.00

-0.00

-0.00

-0.00
0.01
0.00
0.00
0.02

-0.00

-0.00
0.00
0.00
0.00

-0.00
0.01
0.00
0.00

-0.00

-0.00

-0.00
0.01

-0.00

F59.11,11
Fo9.11,11
Fyi10,11,11
Fg 10,1111
111111
Foi1,11,11
Fio11,11,11
Fi2912
F9312
Fi1,412
Fy 3412
F344,102
F2512
Fi 4512
Fi5512
Fs5512
Fi36,12
F5 46,12
Fr56,12
F16,6,12
Fs56.6,12
Fy 0712
Fi 4712
Fi5712
Fs557.12
Fu6712
Fy 7712
Fs.7.712
F2812
F1 43812
Fi58,12
Fs55812
Fy6.8,12
Frr812
Fs7.8,12
F38.8,12
Fr 5812
Fy0912

0.00

0.63

0.00

-0.10
0.00

-0.00
0.09

-0.00
-0.00
-0.00
-0.00
-0.00
-0.00
-0.00
-0.00
-0.00
-0.00
-0.00
-0.00
0.00

0.00

-0.00
-0.00
-0.00
-0.01
-0.00
0.00

0.01

-0.00
0.00

-0.00
-0.00
-0.00
-0.00
-0.00
-0.00
-0.17
0.00




Fi 39,12
F49.12
Fs 59,12
Fi6912
F56.9,12
F37912
Fr 7912
Fyg89,12
F339.12
Fy9912
F39.9,12
Fy 010,12
F14.10,12
F1 510,12
Fs5.10,12
Fy6.10,12
F5710,12
Fs.7,10,12
F38,10,12
Fr8.10,12
F39.10,12
F7910,12
F510,10,12
Fs.10,10,12
F19,10,10,12
Fi311,12
Iy 411,12
Fy5.11,12
Fi6.11,12
F5611,12
F3711,12
Fr 711,12
Fig11,12
F33.11,12
Fyo11,12
Fgo.11,12

Table A34: The CcCR Force Constants for HSSH (cont.)

-0.00
0.00
-0.00
0.00
0.00
-0.00
0.12
-0.00
-0.63
-0.00
-0.37
0.00
0.00
0.00
0.00
0.00
-0.00
-0.00
0.00
-0.13
0.00
-0.12
-0.00
0.00
-0.11
0.00
0.00
-0.00
-0.00
0.00
-0.00
-0.14
0.00
0.38
-0.00
0.62

Fy 3912
F34912
F359,12
Fr6912
Fs6,9,12
Fy7912
Fi89,12
F58.9,12
Fi9912
F5909,12
Fy9.9,12
F1310,12
F5 41012
F5 510,12
Fi 610,12
Fs56.10,12
F3710,12
F7 710,12
Fy 810,12
Fg810,12
Fy9.10,12
F39.10,12
F310,10,12
F7 10,10,12
Fi111,12
Fy 311,12
F341112
F351112
Fr611,12
Fs6,11,12
Fy711,12
Fig11,12
F5811,12
Fig1112
F59.11,12
Fy 911,12

0.00
0.00
-0.00
0.00
0.00
0.00
-0.00
0.00
0.00
-0.00
0.14
-0.00
0.00
-0.00
0.00
-0.00
0.00
-0.14
-0.01
0.18
-0.00
0.17
-0.00
0.13
0.00
0.00
-0.00
-0.00
-0.00
0.00
0.01
0.00
-0.00
0.00
0.00
0.38
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F33912
Fya912
Fy5912
F36912
Fi 7912
F579.12
Fr8912
Fs.8,9,12
Fr9912
Fs.9.9,12
Fi1,1012
531012
F3.41012
F3510,12
5 6.10,12
F5.6,10,12
Fy71012
F1810,12
F5.8,10,12
Fi 910,12
Fs59.10,12
Fy9.10,12
Fy10,10,12
Fg 10,10,12
Fi211,12
F3311,12
Fyg1112
Fys1112
F3611,12
Fi711,12
F5 711,12
Fy8.11,12
Fs8,11,12
Fr91112
Fs9,11,12
Fi10,11,12

-0.00
0.00
0.00
0.00

-0.00

-0.01
0.00

-0.00

-0.00

-0.01
0.00
0.00
0.00

-0.00

-0.00

-0.00
0.01

-0.00
0.00
0.00
0.01
0.10

-0.01
0.14

-0.00
0.00

-0.01

-0.00

-0.00
0.00
0.00
0.00

-0.00

-0.00

-0.00
0.00

F14912
Fi5912
F559,12
Fi6912
Fy 7912
Fs.7.9,12
F35912
Fr89.12
F39912
F79912
Fi21012
F3310,12
Fy41012
Fy 510,12
F36.10,12
Fy 710,12
F57.1012
Iy510,12
Fs 810,12
F59.10,12
F5.9.10,12
F110,10,12
F510,10,12
Fy 10,10,12
F2.11,12
Fy 411,12
Fis1112
F551112
Fug1112
Fy 71112
Fe 711,12
F3811,12
Frg1112
F391112
F7911,12
F510,11,12

0.00
0.00
-0.00
-0.01
0.00
0.01
0.00
-0.17
-0.00
-0.10
-0.00
-0.00
0.00
0.01
0.00
-0.00
-0.00
0.00
0.00
-0.00
-0.01
-0.00
-0.00
0.12
0.00
-0.00
0.00
0.00
0.00
-0.00
0.00
0.00
0.18
-0.00
0.18
0.00




Table A35: The CcCR Force Constants for HSSH (cont.)

F310,11,12 0.00 Fy10,11,12 0.00 Fs10,11,12 -0.00 Fe10,11,12 -0.00
F7 101112 0.14 F310,11,12 -0.18 Fy10,11,12 -0.18 Fi0,10,11,12 -0.14
Fii1112 -0.00 F5 11,1112 -0.00 F311,11,12 -0.00 Fyi1,11,12 0.00
F511,1112 0.00 Fg11,11,12 0.00 F7111112 -0.18 Fg 11,1112 -0.38
Fo11,11,12 -0.62 Fio11,11,12 0.18 Fiii1,11,12 0.38 Fi1,12,12 0.00
Fi 212,12 0.00 F> 219,12 -0.00 Fi 312,12 0.00 F5 319212 -0.00
F33192,12 0.00 Fi412,12 -0.00 F 412,12 0.00 F3 412,12 -0.00
Fy41212 -0.01 Fi51212 0.00 Iy 51212 0.00 F351212 0.00
Fy51212 -0.00 F551212 0.00 F161212 -0.00 Fy612,12 -0.00
F56,12,12 -0.00 Fy6,12,12 0.00 F56,12,12 -0.00 Fs.6,12,12 -0.00
Fi 712,12 0.00 F> 712,12 -0.00 F3 712,12 0.00 Fu71212 0.00
Fs 712,12 0.01 Fs7.12,12 -0.01 Fr 712,12 -0.12 Iy 812,12 -0.00
Fy5.192,12 -0.00 F35192,12 -0.00 Fyg12,12 0.00 F5812,12 -0.00
Fs8,12,12 0.01 F7812.12 0.18 F3g81212 0.62 F191212 -0.00
Fr91212 -0.00 F391212 -0.00 Fi91212 0.01 F591212 0.00
Fs9.12,12 0.01 Fr912.12 0.09 Fg9.12,12 0.37 Fy9,12,12 -0.13
Fi10,12,12 -0.00 F510,12,12 0.00 F310,12,12 -0.00 Fy10,12,12 0.00
Fy10,12,12 -0.01 Fs.10,12,12 0.01 F710,12,12 0.12 F310,12,12 -0.18
Fy10,12,12 -0.10 F10,10,12,12 -0.12 F111,12,12 -0.00 Fy11,12,12 0.00
F311,12,12 0.00 Fyi11,1212 0.00 F511,12.12 -0.00 Fg.11,12,12 -0.00
Fr 11,1212 -0.18 Fg11,12,12 -0.62 Fy.11,12,12 -0.37 Fio11,12,12 0.18
Fiii1,12,12 0.62 F112,12,12 0.00 F5 19,1212 0.00 F312,12.12 0.00
Fy1212,12 -0.01 Fs512,12,12 -0.00 Fs12,12,12 -0.01 F7 121212 -0.08
Fg12,12,12 -0.37 Fy 12,1212 0.12 Fio,12,12,12 0.09 Fi1,12,12,12 0.37
Fi2,12,12,12 -0.12
Table A36: The CcCR Vibrational Frequencies (cm™') for the Isotopologues of
HOOH

Mode H®¥OOH DOOH DOOD D*0O®0OD

w1 3805.6 3805.6 2774.7 2756.4

Wa 3792.8 2773.1 2771.3 2753.9

w3 1438.5 1392.0 1056.3 1048.6

Wy 1329.8 1017.1 986.5 977.0

Ws 889.1 913.7 912.7 860.9

We 379.5 333.3 278.2 276.3

v 3609.7 3609.2 2670.1 2653.1

Vo 3598.1 2669.5 2668.1 2652.0

V3 1395.2 1375.0 1030.3 1023.2

Uy 1275.6 986.9 953.1 945.0

Us 854.0 879.6 880.9 832.1

Vg 314.2 282.6 242.7 241.4

ZPT 5717.7 5038.4 4333.5 4281.6
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Table A37: The CcCR Geometrical Parameters and Spectroscopic Constants for the

Isotopologues of HOOH

Units  H'SOOH DOOH DOOD D!BO80OH
R.(H;-0,) A 0.96198 0.96198 0.96198 0.96198
R.(0;-05) A 1.44803 1.44803 1.44803 1.44803
R.(05-Hy) A 0.96198 0.96198 0.96198 0.96198
Lo(01-H;-0,)  © 100.15 100.15 100.15 100.15
/.(0-H-Hy)  °© 100.15 100.15 100.15 100.15
A, MHz 303372.3 214618.4 166303.9 163164.1
B. MHz 25260.8 25186.5 23592.5 21519.7
C. MHz 24500.5 23899.2 22466.1 20550.5
Ro(H;-01) A 0.96232 0.96615 0.96248 0.96242
Ro(01-05) A 1.46144 1.46086 1.46001 1.45955
Ro(04-Hy) A 0.96218 0.95638 0.96248 0.96242
£0(01-Hi-0y)  © 100.06 99.92 100.02 100.03
Lo(O1-Hi-Hy)  © 100.06 100.17 100.02 100.03
Ao MHz 300658.7 213127.0 165402.4 162243.3
By MHz 24975.6 24934.3 23402.6 21346.0
Co MHz 24073.8 23515.9 22119.0 20244.6
Ay MHz 295067.1 210320.8 163191.4 160092.0
By MHz 24939.6 24886.4 23347.2 21302.0
o) MHz 24071.7 23523.2 22105.1 20234.2
A MHz 294991.1 209441.7 163165.0 160048.6
B MHz 24942.3 24893.6 23342.3 21297.1
Cs MHz 24073.3 23477.8 22103.4 20233.1
As MHz 304196.9 214844.4 166783.4 163610.8
B; MHz 24803.7 24784.5 23271.2 21229.2
Cs MHz 23999.5 23426.4 22167.4 20263.9
Ay MHz 304871.3 215974.7 167278.3 164013.5
By MHz 24910.9 24916.9 23462.9 21374.3
Cy MHz 23846.0 23405.7 21924.9 20076.4
As MHz 300056.7 212650.6 164940.0 161855.4
Bs MHz 24680.1 24646.8 23118.6 21108.9
Cs MHz 23773.8 23191.6 21822.2 19996.1
Ag MHz 209342.1 212547.0 165253.7 161998.4
By MHz 24982.7 24969.3 23473.0 21400.0
Cs MHz 23849.2 23308.5 21916.9 20069.3
Ay kHz 87.665 79.369 78.605 64.488
Ag MHz 10.882 6.325 3.696 3.427
Ajk kHz 1.057 (MHz) 921.464 641.912 566.125
8y Hz -25.078 1.513 (kHz)  -642.400 -322.349
Ok MHz 6.164 1.283 5.306 4.411
D; mHz -7.464 -72.613 158.252 90.267
o, kHz 1.659 1.463 772.462 (Hz)  586.836 (Hz)
Djp Hz 64.402 226.725 89.392 62.262
Dy Hz -175.364 -795.880 -417.549 -278.660
b; mHz 894.134 (uHz)  85.821 19.711 13.179
djk Hz 95.243 -33.217 94.518 67.211
bk kHz -47.806 49.734 -26.123 -20.668

199



Table A38: The CcCR Vibrational Frequencies (cm™!) for the Isotopologues of HOSH

Mode H®OSH HO*'SH DOSH DOSD H'BO%*SH
w1 3812.7 3825.5 2786.5 2786.5 3812.7
Wa 2661.9 2659.5 2661.9 1912.7 2659.5
w3 1207.5 1210.2 1032.6 885.6 1206.8
Wy 1030.7 1032.7 885.5 791.0 1029.8
ws 757.1 777.9 783.3 749.6 748.8
We 478.2 479.6 397.1 350.7 478.0
2 3617.2 3628.6 2682.3 2682.1 3617.2
12 2546.7 2544.5 2546.2 1853.7 2544.5
V3 1171.7 1174.1 1008.2 865.2 1171.0
vy 1006.7 1008.4 864.5 774.3 1005.8
Vs 736.9 756.3 768.7 737.3 729.2
V6 436.7 437.8 368.5 327.9 436.6

ZPT 4898.2 4916.4 4219.5 3696.7 4892.1
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Table A39: The CcCR Geometrical Parameters and Spectroscopic Constants for the

Isotopologues of HOSH

Units ~HBOSH  HO®SH  DOSH DOSD HI803SH
R.(H;-O) A 0.96012  0.96012  0.9601 0.96012 0.96012
R.(0-S) A 1.66051 1.66051 1.6605 1.66051 1.66051
R.(S-Hy) A 1.34273 1.34273 1.3427 1.34273 1.34273
/.(O-H;-S)  ° 107.21 107.21 107.2 107.21 107.21
L.(S-O-Hy)  ° 98.45 98.45 98.4 98.45 98.45
A, MHz 2027355  203009.3  160886.3 107317.0 202408.2
B. MHz  14405.9 15134.4 14256.6 13970.6 14120.2
C. MHz  14037.2 14723.1 14147.5 13294.0 13764.1
Ro(H;-0) A 0.95807  0.95803  0.96175 0.95875 0.95805
Ro(0-9) A 1.66903 1.66919 1.66873 1.66840 1.66897
Ro(S-H,) A 1.35220 1.35226 1.34914 1.34992 1.35219
Lo(O-H;-S)  © 107.51 107.51 107.32 107.40 107.51
Lo(S-O-Hy)  © 98.51 98.51 98.56 98.46 98.51
Ao MHz  201383.8  201658.1  159997.7 106836.0 201056.8
By MHz  14295.3 15016.5 14139.0 13879.6 14012.2
Co MHz ~ 13913.7  14591.1 14044.4 13187.5 13643.8
Ay MHz  198955.8 1992419  157995.9 105943.8 198636.4
B MHz — 14274.3 14992.7  14108.6 13850.0 13991.9
C MHz  13904.2 14580.0 14028.1 13172.6 13634.6
A, MHz  197367.4  197622.3  157472.0 105310.3 197044.2
B, MHz  14313.0 15035.3 14155.4 13886.0 14029.9
Cy MHz  13914.3 14590.9 14044.0 13173.5 13645.0
As MHz  204379.6 2046722  161452.2 108096.8 204043.2
Bs MHz ~ 14256.7  14975.4 14126.0 13855.6 13974.5
Cs MHz  13913.3 14591.7 13988.6 13200.4 13642.9
Ay MHz 2036934  203968.7  162636.1 106801.3 203356.3
By MHz  14280.5 15002.3 14113.6 13768.9 13997.2
Cy MHz ~ 13854.7  14529.8 14059.9 13146.7 13586.1
As MHz  201193.8 2014632  159727.0 107600.3 200869.8
Bs MHz  14176.4 14889.1 14012.9 13876.9 13897.0
Cs MHz  13797.4 14465.2 13925.1 13075.6 13531.0
Ag MHz  200009.2 2002782  158925.6 106301.8 199688.2
Bg MHz — 14252.8 14972.3 14101.0 13860.6 13970.2
Cs MHz  13848.2 14521.7  13996.2 13140.4 13579.6
Ay kHz 20.814 22.740 19.434 17.060 20.059
Ak MHz  5.472 5.474 3.848 1.514 5.453
Ask kHz 345443 373.98  291.004 254.383 334.341
5y Hz 562.175  645.367  154.134 828.194 532.699
Sk MHz  -0.739 -0.790 -4.578 -0.567 -0.707
®; mHz ~ -11.755 ~13.644 -9.287 -6.770 -11.073
o), Hz 431584  429.231  409.595 64.083 427.003
D Hz -7.034 -8.407 -10.995 -9.819 -6.485
Dy Hz 49.217 55.355 40.910 37.261 46.653
&, (Hz 387.635  378.666  -26.850 203.398 359.204
Dk mHz ~ -428.852  -624.312  -8519 (Hz)  -1.905 (Hz)  -364.575
on kHz -7.280 -7.642 -400.589 -2.523 -6.946

201



Table A40: The CcCR Vibrational Frequencies (cm™') for the Isotopologues of HSSH

Mode H34SSH DSSH DSSD D348%4SD
w1 2682.4 2681.8 19274 1923.9
wWa 2678.8 1926.5 1925.6 1922.2
w3 907.8 907.5 660.3 658.1
Wy 906.6 656.1 651.3 650.2
Ws 022.1 929.7 529.5 513.7
We 443.4 386.8 319.8 319.1
12 2568.9 2567.3 1869.0 1865.7
Vo 2564.8 1868.3 1866.8 1863.5
V3 886.8 884.5 647.6 645.6
Uy 883.4 642.4 646.4 645.0
Vs 510.6 518.8 519.0 503.9
V6 405.6 357.7 299.7 299.1

ZPT 4014.4 3500.9 2977.1 2964.0
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Table A41: The CcCR Geometrical Parameters and Spectroscopic Constants for the

Isotopologues of HSSH

Units ~ H3SSH  DSSH DSSD D34$34SH
Re(H;-S1) I 1.34066  1.34066 1.34066 1.34066
R.(S1-S2) A 2.05016  2.05016 2.05016 2.05016
R.(So-Hy) A 2.60447  2.60447 2.60447 2.60447
£o(S1-Hy-Sg)  ° 98.19 98.19 98.19 98.19
[.(S1-Hy-Hy)  © 97.36 97.36 97.36 97.36
Lo(S1-S9-Hy)  ° 30.63 30.63 30.63 30.63
A, MHz 1477101  101104.7 76807.7 76473.5
B. MHz  6830.8 6872.4 6586.1 6244.7
C. MHz  6829.3 6727.6 6584.3 6243.8
Ro(H;-S1) A 1.34588  1.34676 1.34457 1.34454
Ro(S1-S2) A 2.05876  2.05830 2.05772 2.05758
Ro(S2-Hy) A 2.61586  2.61411 2.61355 2.61345
Lo(S1-Hi-Sy)  ° 98.23 98.15 98.19 98.20
Lo(S1-Hy-Hy)  ° 97.46 97.39 97.43 97.43
Lo(S1-So-Hy)  ° 30.61 30.54 30.61 30.61
Ag MHz ~ 146591.3  100493.2 76402.5 76069.3
By MHz  6811.4 6831.0 6591.1 6264.8
Co MHz  6754.2 6683.0 6503.6 6152.8
Ay MHz 1445294 99522.0 75650.1 75319.7
B MHz  6816.8 6835.0 6592.5 6266.4
el MHz  6760.9 6690.7 6503.9 6153.4
A, MHz  144479.6  99162.5 75621.4 75291.9
B, MHz  6818.0 6834.9 6592.9 6266.8
Cy MHz  6760.8 6681.5 6504.2 6153.7
As MHz  148835.0  101151.1 77173.2 76830.5
Bs MHz  6797.9 6805.8 6575.2 6249.8
Cs MHz — 6741.2 6671.9 6499.0 6147.8
Ay MHz ~ 147207.7  101469.1 76743.4 76408.6
By MHz  6786.7 6829.8 6589.6 6262.3
Cy MHz  6731.1 6665.1 6487.9 6137.8
As MHz  146523.7  100439.3 76357.8 76027.6
Bs MHz  6772.1 6791.5 6552.0 6229.1
Cs MHz  6715.9 6642.9 6464.7 6117.1
Ag MHz 1457350  99992.6 76058.4 75729.4
Bs MHz — 6783.7 6807.1 6567.4 6242.3
Cs MHz  6720.2 6655.6 6487.2 6137.0
Ay kHz 5.058 4736 4.529 4.079
Ak MHz — 2.264 1.177 0.602 0.598
Ajk kHz 81.461 79.432 62.643 57.252
8y Hz -7.487 97.988 16.875 13.766
Sk MHz  13.766 -0.153 21.741 27.986
o, mHz ~ -1.117 -1.297 -723.733 (uHz)  -672.823 (uHz)
oy, kHz 1.515 39.617 -11.978 (Hz) -17.027 (Hz)
i Hz 610.693  -517.843 (mHz)  -11.773 -13.693
Oy kHz  -2.032 3.581 (Hz) 40.319 (Hz) 46.657 (Hz)
&, pHz 4575 29.504 -13.924 ~11.863 (pHz)
Djk Hz 283.132  38.949 (mHz) -821.738 -1.391 (kHz)
Ok GHz  -0.180 -762.307 (Hz) -0.570 -1.489
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APPENDIX B

Supporting information for Chapter 3: “Fluoro Hydrogen Peroxide: A Plausible

Molecular Form of Naturally-Occuring Fluorine.”

Table B1: Coordinates for Calculating HOOF Dipole Components

A B C
H -0.858147111 -0.543257826 -1.275575535
O  0.065956113 -0.281576321 -1.143862823
O -0.016364993 0.595474778 -0.093146211
F 0.003765192 -0.235525885 1.109414614
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Table B2: F12-TZ Force Constants for HOOF

0.455391 Fis 0.112669 Fis
-0.470780 Fis -0.117691 Fig
0.016700 Fig 0.006814 Fig
-0.001311 Fi1 -0.001792 Fi1o
0.112669 2 0.064974 Fys
-0.083500 Fou -0.044431 Fys
-0.033108 Fyz -0.021167 2
0.003939 F10 0.000624 Foi
0.048769 Fyis 0.045770 F31
-0.013085 Fs.3 -0.018755 Fs4
-0.030871 Fig -0.027636 Fs7
-0.004812 Fig 0.000621 Fs.10
-0.470780 F3 12 -0.083500 Fy1s
0.519758 Fys 0.099616 Fys
-0.051063 Fys -0.016110 Fig
0.002085 Fys -0.000006 Fyo
-0.117691 Fyi -0.044431 Fi1o
0.099616 Fs1 0.173583 Fso
0.025237 Fs4 -0.174260 Fss
-0.007161 Fs 7 0.045108 Fs
-0.053500 Fs10 -0.027343 Fs11
0.025009 Fs 13 0.126764 Fs1
0.021769 Fss -0.096864 Fsa
0.006722 Fsg -0.002557 Fsr
0.016700 Feo -0.033108 Fs.10
-0.051063 Fi10 0.025237 Fi 13
0.039517 Fry 0.002562 Frs
-0.005154 Frs 0.005309 Frg
0.006814 Frg -0.021167 Fro
-0.016110 Fr i -0.174260 Fris
0.002562 Fs1 0.329360 Fs.
0.006734 29 -0.133934 Fys
0.000994 Fasr -0.019934 Fas
-0.010609 Fi.10 -0.090893 Fs1
0.012656 Fsis 0.041028 Fo1
-0.003041 Fo.3 0.069798 Fo4
-0.001311 Fog 0.003939 For
0.002085 Fog -0.007161 Fo 10
-0.005154 Fy 1 0.006734 Fo1s
0.004380 Fio. -0.003512 Fio
-0.001792 Fios 0.000624 Fioe
-0.000006 Fios 0.045108 Fio.0
0.005309 Fio -0.133934 Fio12
-0.003512 Fiiq 0.088202 Fi1.
0.003737 Fii4 0.001506 Fiis
-0.001315 Fiiz -0.017116 Fi1g
-0.003553 Fi110 0.083471 Fii11
0.001131 Fii1s -0.067861 Fioq
1.5652 Fii, 0.5599 Fis
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0.048769
-0.053500
0.000994
0.003737
0.045770
-0.027343
-0.019934
0.001506
0.055785
-0.033061
-0.021687
-0.001037
-0.013085
0.025009
-0.010609
-0.001315
-0.018755
0.126764
-0.090893
-0.017116
-0.033061
0.225979
-0.124782
-0.068136
-0.030871
0.021769
0.012656
-0.003553
-0.027636
-0.096864
0.041028
0.083471
-0.021687
-0.124782
0.229324
-0.082855
-0.004812
0.006722
-0.003041
0.001131
0.000621
-0.002557
0.069798
-0.067861
-0.001037
-0.068136
-0.082855
0.152028
-0.0519




Table B3: F12-TZ Force Constants for HOOF (cont.)

-0.1238 Fiqs 0.2648 Fios
0.0205 Fia3 -0.1644 Fyss
-0.0606 Fiia 1.5752 Fioa
0.0725 Fisy -0.2457 Fy3.4
0.1803 Fiaa 1.5880 129
0.2180 Fyaa -1.6158 Fiis
0.0535 Foos 0.1317 Fiss
-0.0084 F335 0.0797 Fias
-0.0590 Fias 0.1296 Fias
-0.0367 Frss -0.1299 Fis5
0.0309 Fss.5 0.3360 Fiig
-0.1295 Frog 0.0243 Fiag
0.0516 Fi36 0.0792 Fiae
0.1536 Fia6 -0.1589 Fiac
0.1414 Frse 0.0020 Fis6
-0.1928 Fss.6 0.2768 Fige
-0.0287 Fig.6 -0.0750 Fig.6
0.4290 Fs.6 0.5660 Fiiz
-0.0138 Fooz -0.0203 Fisz
-0.0151 Fs 37 -0.0167 Fian
0.0189 Fian 0.0234 Fyar
0.0263 Fysr -0.0016 Fi57
0.0205 Fss7 0.0272 Figr
-0.0298 Fig7 -0.0050 Figr
0.0519 Fson 0.0200 Firn
-0.0078 Fsrn -0.0079 Fyrn
-0.0631 Fsrr -0.0149 Froz
0.0332 Fiog -0.0013 Fros
-0.0044 Fyss -0.0122 Fiss
-0.0227 Foas -0.0131 F345
0.0698 Fiss -0.0154 Foss
-0.0364 Fiss 0.0306 Fs.8
-0.0108 Fogs -0.0247 Figs
0.0391 Fs.8 -0.3132 Fsgs
-0.0134 Fors 0.0202 Firs
-0.0665 Fsrs -0.0315 Fors
0.1520 Fiss 0.0166 Frss
0.0490 Figs -0.0242 Fsss
0.3559 Fras 0.0265 Fsgs
0.0294 Fia0 0.0105 Fy.0
-0.0043 Fyso -0.0195 Fis0
-0.0143 Frao -0.0495 Fiso
0.0277 Fiso -0.0313 Fys.0
-0.0255 Fys.0 0.0624 Fsso
0.0173 Fag.0 -0.0292 Fig0
0.0364 Fs6.0 -0.3360 Fi6.0
-0.0163 Frro 0.0456 Firo
-0.0054 Fs.1.0 -0.0395 Fs.r.0
-0.0302 Fi g0 0.0185 Frg.0
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Fy 10,10
F7 10,10
F10,10,10
011
F3311
F3 411
Fy511
F5511
F36.11
Fs.6,11
3711
Fs7.11
Fr511
F5811
Fg 811
F3911
Fs0.11
Fy9.11
F310,11
F5.10,11
Fy 10,11
Fr11.11
Fs11.11
Fg 11,11
Fi111,11
F 919
F33190
F3 410

Table B4: F12-TZ Force Constants for HOOF (cont.)

0.0424
0.3582
0.0298
-0.0238
-0.0014
0.0000
-0.0036
-0.0007
0.0012
-0.0048
0.0018
0.0155
-0.0009
-0.0009
0.0075
0.0087
-0.0062
0.0012
-0.0080
0.0519
0.0016
0.0005
-0.0057
0.0036
-0.0028
0.0041
-0.0001
0.0028
0.0428
-0.0044
-0.0196
0.0030
0.0000
-0.0017
-0.0683
0.1926
0.0025
0.0071
0.2640
-0.0027
0.0010
-0.0065
0.0018
0.0227
-0.1225
0.0980
-0.0010
-0.0008
-0.0047

Fs 10,10
F310,10

F110,11
Fy10,11
F7 10,11
Fip,10,11
F311.11
Fsi1,11
Fo11,11
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-0.0123
-0.0110
0.0470
0.3036
-0.6146
0.0017
-0.0011
-0.0043
-0.0043
-0.0019
0.0057
-0.0005
0.0027
0.0164
0.0029
0.0194
-0.0721
-0.0067
0.0084
0.0048
-0.0001
-0.0101
0.0499
-0.0020
-0.0002
0.0015
-0.0155
0.0001
-0.0011
0.0001
0.0008
0.0272
-0.0811
-0.0004
-0.0180
0.0023
-0.0006
0.0048
-0.0003
-0.0132
0.0531
-0.0396
0.0003
-0.0147
0.1963
0.0023
0.0003
-0.0022
0.0203

Fs.10,10
Fy10,10

F5 10,11
F5.10,11
F3.10,11
Fiiin1
Fyi1,11
Fri1.11
Fio11,11
Fi219
F5 319
I 412
Fi5.192

0.3111
-0.1588
0.0264
0.3352
0.0120
-0.0004
0.0008
0.0043
0.0071
-0.0215
-0.0045
0.0174
-0.0001
-0.0059
-0.0058
0.0163
-0.0189
0.0064
-0.0112
-0.0045
-0.0006
-0.0113
-0.0451
-0.0004
0.0000
-0.0004
-0.0014
-0.0026
-0.0016
0.0343
0.0017
0.0058
0.0001
0.0067
-0.0152
0.0016
-0.0107
-0.1872
-0.0009
-0.0018
0.0084
0.0017
-0.0037
0.0077
-0.0058
0.0026
-0.0063
-0.0041
0.0017




Table B5: F12-TZ Force Constants for HOOF (cont.)

Fy512 -0.0009 Fs512 0.0084 Fis.12 0.0008
F5,5,12 -0.0138 F176712 0.0048 F276712 0.0064
F3612 0.0006 Fi6a2 0.0040 F5612 -0.0304
F6,6,12 -0.1260 F177’12 -0.0008 F277’12 -0.0007
F3712 0.0070 Fi712 -0.0064 Fs.7.12 0.0005
Fsr12 -0.0071 Frras 0.0530 Fig12 -0.0033
Fog1o 0.0020 Fig12 0.0002 Fig.12 0.0026
F58.12 0.0385 F58.12 0.0071 F7 812 0.0080
F8,8,12 -0.2461 F179712 -0.0081 F279712 0.0017
F3.012 -0.0038 Fio12 0.0042 Fs.012 0.0579
Fs0.12 0.0344 Froao -0.0054 Fyo12 0.2141
F979712 -0.3735 F1,10,12 0.0007 F2,10,12 0.0021
F31019 -0.0027 Fy1012 -0.0118 Fs 1012 -0.0030
Fi.10.12 -0.0017 Fr 1019 -0.0459 Fy10.19 -0.0073
F9?1()112 0.0093 F10710712 0.0570 Fl_’11112 -0.0010
Fai112 -0.0000 F311.12 -0.0023 Fii112 0.0006
F511.12 -0.0238 Fsa1.12 0.0169 Fri112 -0.0078
Fy1119 0.2057 Fo11.12 -0.2737 Fio11.12 0.0082
Fiia1.12 -0.1819 Fii2.12 0.0031 Fyi1212 -0.0018
F312.12 0.0040 Fii2.12 -0.0036 Fsi12.12 -0.0359
Fs12.12 0.0910 Fria.12 0.0055 Fsi2.12 -0.2214
Fya2.12 0.3428 Fio12.12 -0.0050 Fi112.12 0.2590
Fiz12,12 -0.4379 Fiiia 4.47 Fiiise 2.20
Fiio -0.33 Fioso -0.77 Fy9.9 -0.15
Fiiis 1.07 Fiias 0.43 Fioos 0.00
F272’273 -0.13 F171’373 -0.93 F172’373 -0.25
F2’2,3’3 0.03 F1’3,3’3 -0.43 F2’3,3’3 -0.16
F373,373 0.17 F171,174 -4.49 F171,274 -2.21
F1727274 0.37 F2727274 0.74 F1717374 -1.06
F1727374 -0.42 F2727374 -0.00 F1737374 0.95
F273’374 0.25 F3,3,3,4 0.39 F171,474 4.51
F1’2’4’4 2.23 F2’2’4’4 -0.43 F1’3’4’4 1.06
F273)4,4 0.39 F373)4,4 -1.01 F174)4,4 -4.52
F2’47474 -2.32 F3’47474 -1.12 F4’47474 4.49
Fiiis -2.21 Fiias 0.33 Fioos 0.79
F272’2’5 0.15 F171’3’5 -0.44 F172’3’5 0.01
Fross 0.14 Fisss 0.32 Fr33s -0.00
F373)3’5 0.18 F171)4’5 2.21 F172)4’5 -0.36
F272,475 -0.76 F173,475 0.44 F273,475 0.01
F3737475 -0.32 F1747475 -2.24 F2747475 0.41
Fiaas -0.45 Fiias 2.34 Fiiss -0.37
F172’575 -0.81 F272’575 -0.16 F173’575 0.01
F2’3,5’5 -0.15 F3’3,5’5 -0.01 F1’4,5’5 0.38
Fyass 0.79 Fia55 -0.03 Fiass -0.57
F1757575 0.89 F2757575 0.15 F3757575 0.19
Fisss -0.90 Fssss -0.15 Fiiie -1.06
F171’276 -0.46 F172’276 0.05 F272’276 0.18
F1’1’3’6 0.92 F1’2’3’6 0.27 F2’2’3’6 -0.00
F173)3,6 0.47 F273)3,6 0.18 F373)3,6 -0.17
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Fii,46
Fi346
Fira46
Fyaa46
Fro56
F33556
3456
Fy556
F5556
Fr066
F3366
F3466
Fys56.6
F55.6.,6
F36,6,6
Fs6.6,6
Fioo7
Fia37
Fy337
Fio47
Fy347
Foua7
Fi157
Fi357
Fias7
Frasq
F3s557
Fii67
Fi367
Fiae67
Fya67
F3s567
Fig67
Fy66,7
Fii77
Fisq77
Fiarq
Fyarn
3577
Figr7
Fyg77
Fiq777
Fy777
777
Fiao3
Fio38
Fr3358
Fioag
Fy348

Table B6: F12-TZ Force Constants for HOOF (cont.)

1.05
-0.94
-1.05

1.11
-0.17
-0.17

0.35

0.20

0.26

0.02

0.14

0.43

0.03

0.77
-0.13

0.82
-0.04
-0.02
-0.00
-0.02

0.02

0.09

0.00

0.01

0.03
-0.10

0.01

0.01

0.01

0.01
-0.06
-0.00

0.01

0.20

0.01

0.01

0.03
-0.03
-0.02
-0.02

0.05
-0.05
-0.03

0.21
-0.02
-0.01
-0.03
-0.00
-0.01

Fio46
Fr3456
Is446
Fii156
Fiss6
Fiase
Fias56
35556
Fi166
Fi 366
Fia66
Fia66
F3566
Fi66,6
Fy6,6.6
Fii17
Fro07
237
F3337
Fr947
F3347
F3447
Fias7
Fy357
Fya57
Fi557
Fus57
Fio67
Fy367
67
Fi567
Fys67
Frs6,7
F56.6,7
Fiaq7
Fy377
Fourn
Fis77
Fys77
g7
Fs677
Fyq777
Fs777
Fii18
Fr2038
033
F33338
Fr043
F3343
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0.46
-0.26
-0.47

0.41
-0.34
-0.44

0.32

0.04
-0.97
-0.49

0.96
-1.20

0.19

0.57
-0.58

0.02

0.03
-0.00

0.04

0.07

0.06

0.05

0.03
-0.01
-0.04
-0.01

0.18
-0.00
-0.02

0.02

0.04

0.11
-0.01

0.10

0.02
-0.00
-0.08
-0.04

0.09
-0.02
-0.15

0.05
-0.07

0.00

0.01
-0.01
-0.02

0.02

0.07

Fy0456
F33456
F3446
Fia56
Fy3556
Fra56
Fis556
Fys556
Fi266
Fr36.6
466
Fis566
Fys56.6
66,6
Fs56,6,6
Fii27
Fii37
Fi337
Firia7
Fi347
Fiaa7
Fyaan
Fro57
F3357
F3457
557
Fss557
Fyo67
F3367
3467
Fy56,7
Fss567
F366,7
Fs6,6,7
a7
F3377
F3a77
Fos77
Fss577
3677
Fs6,7,7
Fs777
Fosr77
Fii28
Fii1338
Fi338
Fiiag
Fi348
Fia48

-0.03
-0.42
0.97
-0.07
0.00
0.06
0.13
-0.20
-0.29
-0.20
0.30
0.43
-0.55
0.27
0.70
0.00
0.00
-0.02
-0.03
-0.00
0.00
0.03
-0.03
-0.01
0.01
0.02
0.05
-0.02
-0.05
-0.04
-0.01
0.11
0.06
-0.02
-0.03
-0.04
-0.05
0.01
-0.19
0.03
-0.21
0.03
-0.02
-0.00
0.00
-0.08
-0.00
-0.02
0.01




Fy448
Fii538
Fi358
Frasg
Frasg
F3553
Fii1638
Fi368
F1463
Frae6g
F3563
Fi663
Fi6638
Fii78
Fiz7s
Fiarg
Fyarg
3573
Fig7g
Fye78
Fi773
Fyr773
Frq773
Fy0353
F33358
F5488
Fy553
F5553
F3653
Fs6,8,8
F37838
Fs 783
Frs53
F5553
F3333
Fi29
Fio39
Fy339
Fiaa9
Fs349
Fr449
Fii159
Fis59
Fia59
Fia59
3559
Fi169
Fi369
Fia69

Table B7: F12-TZ Force Constants for HOOF (cont.)

0.02
0.04
-0.02
-0.02
0.19
-0.05
0.06
0.07
-0.02
0.15
-0.04
-0.14
0.25
-0.00
0.01
-0.01
0.03
0.00
-0.04
-0.14
0.01
-0.03
0.04
-0.03
0.03
-0.00
-0.01
0.01
0.04
0.85
-0.01
0.06
0.04
-0.05
-0.07
-0.05
-0.02
-0.02
-0.04
-0.00
0.08
0.03
0.01
0.01
0.11
-0.03
0.05
0.03
-0.02

F3448
Fias8
Fy358
Fru58
Fis558
Fys553
Fi268
Fy368
I 4638
Fis568
Fis563
Fr6.6,8
F56.6,8
Fio7g
Fy378
Foa7g
Fis73
Fys5738
6738
F56,78
Fyr773
Fs773
Fii1838
i3s3
Firasg
Fragg
F3553
Figs3
Fi653
Fi7388
Fyrss
Fr7583
F3553
Fs5.8,8
Fii19
Fr999
Fr039
F3339
Fr249
F3349
F34409
Fia59
Fy359
Fy459
Fis59
Fys559
Fi269
Fy369
Fy 469

210

0.06
0.02
0.01
-0.03
-0.07
0.12
0.02
-0.00
-0.04
-0.06
0.14
-0.04
-0.85
0.00
0.02
-0.02
-0.02
-0.18
0.04
-0.10
0.02
0.24
-0.04
0.02
0.03
-0.25
0.04
0.05
-0.10
0.02
0.27
-0.49
-0.03
-0.66
-0.00
-0.05
-0.02
0.01
0.03
0.03
0.04
0.06
-0.00
-0.08
-0.14
0.24
0.01
0.02
-0.04

Fyraa8
Ir258
F3353
F3458
Frs553
F5553
268
F3368
F3468
Fy568
Fs5563
F3663
Fs.6,6,8
073
F33738
F3473
Fys573
F55738
F36738
Fs6,7,8
F3773
For7738
Fiags
Fy338
438
Fis588
Fis553
Fr653
F5633
7588
F5788
Figsg
Fyg53
Frg338
Fii29
Fi139
Fi339
Fi1,49
Fi3a9
Firaa9
Fyaa9
Fra59
F3359
F3459
Fys559
F5559
Fr269
F3369
F3469

-0.02
0.01
0.00
0.01
0.01

-0.00

-0.01

-0.01

-0.10

-0.02

-0.51
0.00

-0.97

-0.00
0.02

-0.03
0.02

-0.09
0.02

-0.10
0.02
0.17

-0.00

-0.01
0.00
0.05
-0.11
0.04
0.56
-0.01
0.08
-0.05
0.13
-0.11
0.02
0.00
-0.04
0.01
-0.01
-0.01
-0.00
0.03
0.01
-0.02
-0.04
-0.45
-0.01
0.02
-0.02




Fya69
F3569
Fi66,9
Fy66,9
Fii79
Fi379
Fiamg
Fiam9
3579
Fie79
Fyg79
Fi779
Fyr779
779
Fr2389
F3359
F3459
Fys559
F5559
F36,8,9
Fs6.89
3759
Fs7.89
Iy339
F5339
Fgss,9
Fr099
F3399
F34909
Iy5909
F5590.9
F36909
Fs6,9,9
F37909
Fs7.9,9
Fr899
Fss99
F339.9
F39909
Fs9.9,9
Fy99,9
Fi122,10
Fi 2310
Fy 3310
Fi124.10
F>3.4.10
F44.10
Fi1510
Fi 3510

Table B8: F12-TZ Force Constants for HOOF (cont.)

0.18
-0.04
-0.10

0.15
-0.01

0.01
-0.00

0.01

0.01
-0.02
-0.16

0.01
-0.00
-0.02

0.02

0.02

0.02
-0.00

0.50

0.02

0.96
-0.03

0.07
-0.02
-0.51

0.38

0.03
-0.05
-0.02

0.05

0.82

0.00

0.40

0.01

0.03
-0.07
-0.78

1.29

0.05
-0.50

1.47

0.01
-0.00
-0.00
-0.00

0.00
-0.00
-0.00
-0.00

Fis69
Fys569
66,9
F56,6,9
Fio79
Fy37.9
479
Fis79
Fys79
Fr679
Fs6.7.9
779
Fs77.9
1189
Fi3s9
Fiaso
Fyaso
F3559
Figs9
Fye8,9
Fi759
Fy759
Fr759
F3339
Fs8.8,9
Fi199
Fis99
Fia99
Fia99
35909
Fi6,9,9
Fug99
Fiz799
Fyz799
Fr7909
F389,9
Fss.99
Fig99
Fyo99
Fr999
Fi11.10
F59210
F>2310
F33310
Fs2.4.10
F33410
F34.4,10
Fi 2510
F> 3510
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-0.09
0.19
-0.08
-0.83
0.02
0.02
-0.04
-0.05
-0.10
0.02
-0.09
0.02
0.13
-0.05
0.01
0.03
-0.19
0.03
0.07
-0.15
0.03
0.13
0.01
-0.07
-0.87
-0.05
0.01
0.03
-0.19
0.03
0.08
-0.13
0.02
0.13
-0.32
-0.04
-0.92
-0.10
0.16
-0.02
0.00
-0.00
0.00
0.00
-0.00
0.00
0.00
-0.00
-0.01

Fy56.9
F55.6,9
F36.6,9
Fs,6,6,9
Fyo79
F3379
F3479
Fy57.9
F557.9
Fs6,7,9
Fs6,7,9
3779
Fs7.79
Fio39
Fr389
Fra59
Fiss9
Fys559
Fy639
F56,8,9
Fy759
Fs5759
Figso
Fyg39
Fr33.9
Fi299
Fy3909
4909
Fis99
Fy599
Fr6.9.9
Fs6.99
Fy7909
F57909
Figo9
Fys99
Frg99
Fr999
F5999
F39.99
Fi1210
F11.3,10
Fi3310
Fi1,40
F134.10
F144.10
Fy 44,10
F> 2510
F33510

-0.04
-0.81
-0.01
-0.43
0.02
0.01
-0.02
0.04
-0.13
-0.01
-0.03
0.01
0.18
-0.01
0.03
0.06
0.07
-0.16
0.04
0.86
-0.07
0.10
-0.06
0.10
-0.03
-0.00
-0.00
0.04
0.10
-0.18
0.07
0.84
-0.04
0.07
-0.09
0.13
-0.04
-0.08
-0.99
0.19
0.00
-0.00
-0.00
0.00
0.00
0.00
-0.01
0.00
0.01




Fi 4510
Fy45.10
F35510
F1,16,10
Fi 36,10
Fi 46,10
Fy 46,10
F356,10
Fi6.6,10
Fy6,6,10
Fi1,710
Fi 3710
Fi4710
Fya7.10
F357.10
Fi 67,10
Fy6.710
Fi 7710
Fy7.710
F7 77,10
Fs2510
F33510
F34510
Fy55,10
F555,10
Fs6.8,10
Fs6.8,10
F3 7510
Fs.7.8,10
Fy35,10
F58.8,10
F3s.5,10
Fy29.10
F33910
F34910
Fs 59,10
Fs59.10
F36.9,10
Fs.6.9,10
F37910
Fs.7.9,10
F>89,10
F55.9,10
F38.9,10
F39910
Fs.9.9,10
Fy.9.9,10
F5 210,10
F33.10,10

Table B9: F12-TZ Force Constants for HOOF (cont.)

-0.00
0.01
0.01
0.00
0.00

-0.00

-0.00

-0.01
0.00
0.04

-0.00

-0.00

-0.00

-0.01
0.00
0.00
0.01
0.01
0.03

-0.13
0.00

-0.00

-0.01

-0.01
0.04
0.01

-0.02

-0.00
0.01
0.01

-0.03
0.03
0.00

-0.00

-0.01

-0.01
0.03
0.01

-0.03
0.00
0.00
0.02

-0.02

-0.01
0.00
0.01

-0.04

-0.00

-0.00

F> 4510
Fi5510
Fy5510
F126,10
F> 36,10
F> 46,10
Fi 56,10
Fy5.6,10
Fy6.6,10
F5.6,6,10
Fi2710
Fy 3710
Fs47.10
Fi57,10
Fis57.10
Fy6.7.10
Fs56.7,10
Fy 7710
F5 7710
F11810
Fi 3510
Fi 4810
Fy4810
F35510
Fi638,10
Fy6.8,10
Fi 75810
Fy75810
F7 75810
F33510
Fps 88,10
Fi1910
Fi3910
F149.10
Fi49.10
F359.10
Fi6910
Fy6.910
Fi 7910
Fy7910
F7 7910
Fs89,10
Fs8.9,10
Fi 99,10
Fy99,10
F79910
F1.1,10,10
F1 310,10
Fi 410,10
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-0.00
-0.00
0.00
0.00
0.00
-0.01
-0.00
0.01
-0.00
0.02
-0.01
-0.00
0.01
0.01
-0.01
0.01
-0.01
-0.00
0.01
-0.00
0.01
0.00
-0.01
-0.00
-0.00
0.00
-0.00
0.01
-0.03
-0.01
-0.00
0.00
0.00
0.00
-0.00
0.00
-0.00
-0.00
0.00
-0.00
0.01
-0.00
0.01
-0.00
0.02
0.17
0.00
0.00
0.00

F34.510
Fy5.510
Fs55.5,10
F52.6,10
F336,10
F3 46,10
Fy 56,10
Fs55.6,10
F36.6,10
Fg,6,6,10
Fs 2710
F33710
F34710
Fy 57,10
F557.10
F36.7.10
Fs.6,7,10
F3 7710
Fs7.7,10
Fi28,10
F> 3510
Fs 4810
Fi55,10
Fy5510
Fy6.5,10
F56.8,10
F> 75810
F57510
Fi35,10
Fy3510
F78.8,10
Fi2910
Fy39.10
F49.10
Fi59,10
Fy5.9,10
Fs6.9,10
Fs56.9,10
Fy 7910
F579,10
Fi89,10
Fy89,10
Fr 8910
Fy9.9.10
F59.9,10
F39.9,10
F1.2,10,10
F5 310,10
F5 410,10

0.00
0.01
-0.04
-0.01
-0.00
0.00
0.02
-0.04
-0.00
0.04
-0.00
0.01
-0.00
0.00
0.02
-0.01
-0.01
0.01
-0.01
-0.00
0.00
0.01
0.01
0.01
-0.01
0.02
-0.01
-0.05
-0.01
-0.04
0.20
-0.00
-0.00
0.00
0.01
-0.02
-0.00
-0.01
-0.00
0.02
-0.00
0.03
-0.17
0.00
0.01
0.01
0.00
-0.00
-0.00




3 4.10,10
F5 510,10
5 5.10,10
F36,10,10
Fs.6,10,10
F3 710,10
F5,7.10,10
F5 510,10
F58.10,10
Fg 810,10
F39.10,10
F5.9.10,10
F9.9.10,10
F3.10,10,10
Fg,10,10,10
Fy10,10,10
Fii1211
F11311
Fi3311
Fri4m
Fi3411
Fi4411
Fya411
F2511
F33511
Fs54511
Fys5511
F55511
I 26,11
F33611
F3 46,11
Fy5611
F556,11
F366,11
Fs6,6,11
Fao 711
F33711
F3 4711
Fo5711
F557.11
F367.11
Fg,6,7,11
F3 7711
Fs 7711
F12811
Fy3811
Faa811
Fis5511
Fys5811

Table B10: F12-TZ Force Constants for HOOF (cont.)

0.00
0.00
-0.02
0.00
-0.03
-0.00
0.00
0.00
0.03
-0.15
-0.00
0.01
-0.19
0.00
-0.00
0.01
0.00
-0.00
0.00
-0.00
-0.00
0.00
0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
-0.01
0.05
0.00
0.01
0.00
-0.00
-0.00
-0.00
0.02
-0.00
0.00
-0.00
0.00
0.00
0.00
0.00
-0.00
0.01

Fy 410,10
F35.10,10
F16,10,10
Fy 610,10
Fi 710,10
Fy 710,10
F7 710,10
F3810,10
F,8,10,10
F1.9.10,10
Fy9.10,10
F7 910,10
F1.10,10,10
Fy.10,10,10
F7 10,10,10
F10,10,10,10
Fi2011
Fi2311
Fy3311
Fia411
Fy3.411
Iy 4411
Fii511
Fi3511
4511
Fra511
F35511
1611
Fi3611
Iy 4611
Fya6,11
I35611
Fi66,11
Fy66,11
Fii711
Fi3711
Fia711
Fya7i1
F357.11
Fi67,11
Fyg711
Fi7711
Fyq7711
Fr 7711
2811
I33511
F3 4811
Fr5511
F5558.11
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0.02
-0.00
0.00
0.00
-0.00
-0.02
0.10
0.00
-0.01
-0.00
0.00
-0.01
0.00
-0.00
-0.08
0.08
-0.00
-0.00
0.00
-0.00
0.00
0.00
-0.00
-0.00
0.00
-0.03
0.00
-0.00
-0.00
0.00
-0.00
-0.01
0.00
-0.00
-0.00
0.00
0.00
-0.01
0.00
-0.00
0.00
-0.00
0.01
-0.03
0.01
-0.00
0.00
-0.01
-0.02

Fi 510,10
Fy 510,10
F56.10,10
F5 6,10,10
F> 710,10
Fs 710,10
F18,10,10
Fy5.10,10
F7 810,10
F59.10,10
Fs.9.10,10
F3.9.10,10
F5 10,10,10
F5.10,10,10
Fg10,10,10
Fii111
Fy9011
Fr2311
F33311
Fy0411
F33.411
F3 4411
Fi2511
Fy3511
Fy 4511
Fi5511
Fys5511
Fi 2611
Fy 3611
46,11
Fi 5611
Fys5611
Fy 66,11
F56.6,11
Fia711
Fy37.11
Fy 4711
Fi57.11
Fy5711
Fy6711
F567,11
7711
Fs 7711
Fii1811
Fi3g11
F14811
Fyag11
35511
Fi68,11

-0.00
0.01
-0.00
0.00
0.00
-0.01
-0.00
-0.00
0.02
0.00
0.00
0.15
0.00
0.00
-0.01
0.00
-0.00
-0.00
0.00
0.00
-0.00
0.00
0.00
0.00
0.00
-0.00
-0.01
-0.00
0.00
0.01
-0.00
-0.01
-0.01
0.05
0.00
0.00
0.00
0.00
0.04
-0.01
0.01
-0.01
-0.06
0.00
0.00
-0.00
0.05
-0.00
-0.00




Table B11: F12-TZ Force Constants for HOOF (cont.)

6811 -0.00 F363811 0.00 Fie811 0.00
F56,811 -0.03 Fe,6,811 0.04 Fi7811 -0.00
F> 7811 -0.01 F37811 -0.01 Fyr811 -0.07
Fs5 7511 -0.01 Fo7811 0.00 Fr 7511 0.22
Figg 11 0.01 Fr5811 0.00 F35811 -0.00
Fygg811 -0.02 F55811 0.05 Fs88,11 0.06
Fr8811 0.03 Fs8,811 0.08 Fia9011 -0.00
Fi2911 0.00 0911 -0.01 Fi3911 0.00
Fy3911 -0.00 F33911 -0.01 Fi4911 0.00
Fs 4911 -0.01 F3 4911 -0.00 Fy4911 -0.00
F1,5,g’11 0.01 F2’5’9’11 0.01 F3’5’9,11 -0.00
F475,9711 0.00 F57579,11 -0.01 F1,679,11 0.01
F276,g711 001 F3,679,11 000 F4,679711 —OOO
F5,6,9,11 -001 F6,679,11 —005 F1,779711 —000
F2’7,9711 0.01 F377’9111 0.00 F4’779’11 0.01
F5,7’9’11 -0.01 F6’7’9’11 0.00 F7’7’9’11 -0.16
Fig911 -0.00 Fy89.11 -0.00 F38911 0.00
F478’9711 0.00 F5,8,9,11 0.01 F6,879,11 -0.03
F7,8,9,11 -0.01 F8,879,11 0.16 F1,979711 -0.00
F2’9,9711 —001 F3,9,9,11 001 F41979,11 001
F5,9$9’11 -0.09 F6’979’11 0.00 F7,9’9’11 0.01
Fg 09,11 -0.43 Fy99,11 0.89 Fi 110,11 0.00
F121011 -0.00 F210,11 -0.00 F1310,11 -0.00
I 310,11 -0.00 F3310,11 0.00 F1 410,11 -0.00
5 410,11 -0.00 F34.10,11 0.00 Fy 410,11 0.00
Fi 510,11 -0.00 Fs 510,11 0.00 F3510,11 -0.00
Fy510,11 -0.01 Fs5.10,11 -0.01 Fi6,10,11 0.00
5 6.10,11 0.00 F36.10,11 0.00 Fy6.10,11 -0.00
56,1011 -0.00 Fs.6,10,11 -0.00 Fi 710,11 0.00
5 710,11 0.00 F37.10,11 0.00 Fy 710,11 -0.00
F5.710,11 0.03 Fs.7,10,11 -0.00 Fr 710,11 0.02
Iy 810,11 0.00 F> 510,11 0.00 F3510,11 0.01
Fyg10,11 0.03 Fs55.10,11 0.01 Fs.8,10,11 -0.00
7 810,11 -0.14 F33.10,11 -0.01 Fi9.10,11 -0.00
910,11 -0.00 F39.10,11 0.00 Fy9.10,11 -0.01
F5.9,10,11 0.01 Fs,9,10,11 -0.00 F79.1011 0.16
Fg9.10,11 0.01 F59.10,11 -0.02 F110,10,11 -0.00
F510,10,11 -0.00 F310,10,11 -0.00 Fy10,10,11 0.00
F5.10,10,11 -0.02 F5.10,10,11 0.01 F7 10,1011 -0.01
F3.10,10,11 0.11 Fy 10,1011 -0.15 F10,10,10,11 0.01
111,11 -0.00 Fi211,11 0.00 Fy011,11 -0.01
Fi 311,11 -0.00 Fs 311,11 -0.00 F3311,11 -0.00
Fyg11,11 0.00 Fs 411,11 -0.01 F3 411,11 -0.00
Fya11,11 -0.02 Fi511,11 0.00 Fy 511,11 0.01
F3511,11 0.00 Fys511,11 -0.00 Fs55.11,11 0.02
I 611,11 0.00 Fy6.11,11 0.00 F36.11,11 -0.00
Fu611,11 -0.00 F5611,11 -0.01 Fs6,11,11 -0.08
711,11 0.00 Fy 711,11 0.01 F3 711,11 0.01
Fy711,11 0.04 Fs 711,11 0.00 Fs7.11,11 -0.00
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Fr 711,11
F3511.11
Fs8.11,11
Fro11,11
Fuo11,11
Fr911,11
F110,11,11
Fy10,11,11
F7 10,1111
Fio,10,11,11
F311,11,11
Fs11,11,11
Fo11,11,11
Fi11,12
F9010
Fy0312
F33312
Fy0.412
F334.12
F344.12
Fi2512
Fy 3512
Iy 4512
Fi 55,12
Fy 55,12
F126,12
Fy 3612
F 46,12
Fi 56,12
Fy 56,12
Fs66,12
F56.6,12
Fi2712
Fy 3712
Iy 4712
Fis7.12
Fys5712
6712
F56.7,12
Fy 7712
F5 7712
F11812
Fi35812
Fi4812
Fy4812
F35512
F168,12
Fy6812
Fi 75812

Table B12: F12-TZ Force Constants for HOOF (cont.)

-0.15
0.00
-0.02
-0.00
0.00
0.01
-0.00
-0.02
0.11
-0.09
-0.00
0.03
0.17
-0.00
-0.00
-0.00
-0.00
-0.00
-0.01
0.00
-0.00
-0.00
0.01
0.01
-0.02
0.00
-0.00
-0.01
0.00
0.01
0.01
-0.06
-0.00
0.00
0.00
0.00
-0.03
0.00
-0.01
0.00
0.04
-0.01
0.00
0.01
-0.02
-0.00
-0.00
-0.01
0.00

Fig11,11
Fig11.11
Fr 811,11
Fr911,11
Fs911,11
Fg9.11,11
F5 10,1111
Fs10,11,11
F310,11,11
Fri11,m
Fyi1,11,11
Fri1,11,11
Fio11,11,11
Fi12,12
F113,12
Fi 3312
Fi1.412
Fi134.12
Fi4412
Fyyg412
Fy 0512
F33512
F345.12
Fs 55,12
F55512
Fs96,12
F33612
F3 46,12
Fs 56,12
F556,12
F36,6,12
Fs6.6,12
Fy 0712
F33712
F347.12
Fy57.12
F55712
F36.7.12
Fs6,7,12
37712
Fs7.7,12
Fi2812
Fy 3512
Fy 4812
Fi 58,12
Fy 5812
F68,12
F565812
75812
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-0.01
0.01
-0.02
-0.00
-0.00
-0.17
-0.00
-0.00
0.01
0.00
-0.01
0.01
-0.00
0.00
0.00
0.00
0.01
-0.00
-0.01
0.01
0.01
-0.01
-0.01
-0.01
0.00
-0.00
0.00
0.00
0.01
0.00
-0.00
-0.26
-0.00
0.00
-0.00
-0.01
0.01
0.00
-0.01
0.00
0.00
-0.00
0.01
-0.00
0.00
0.00
-0.00
0.03
0.01

Fyg11,11
F5811.11
F38.11,11
F3911,11
Fs0.11,11
Fy9.11,11
F310,11,11
Fg,10,11,11
Fy10,11,11
111111
Fs11,11,11
Fg11,11,11
Fiii11,11
Fi2912
F12312
Fy 3312
Fi2412
Fr34.12
Fy 4412
Fi1512
Fi 3512
Fi 4512
Fy4512
F35512
Fi16,12
F136,12
Fi 4612
Fy612
F356,12
Fi66,12
Fy66,12
Fi1712
Fi3712
Fi47.12
Fya712
F357.12
Fi6712
Fyg712
Fi 7712
Fy7712
Fr 7712
Fs 9812
F33512
F345812
F 55,12
F555,12
F36,8,12
Fs 6,812
F37512

0.00
-0.01
-0.13

0.00

0.03

0.53
-0.00

0.00
-0.01
-0.00
-0.01

0.14
-0.13
-0.00
-0.00
-0.00
-0.00

0.00

0.00

0.00

0.01
-0.00

0.02
-0.00
-0.00
-0.01
-0.00

0.05

0.02

0.02

0.00
-0.00

0.00

0.00
-0.00

0.01
-0.00
-0.01
-0.00
-0.00

0.02
-0.01

0.01

0.01

0.01

0.05
-0.01

0.01
-0.01




Table B13: F12-TZ Force Constants for HOOF (cont.)

F4)778)12 0.03 F5,7,8712 -0.01 F677,8,12 0.01
F7,7,8,12 -0.20 F1,8,8,12 -0.00 F2,878,12 -0.01
F3,8,8,12 -0.00 F4,8,8,12 0.01 F5,878,12 -0.09
Fs88,12 -0.01 Frgs812 -0.02 Fgg8.12 0.31
F1’1’9’12 -0.00 F1’2’9712 0.00 F2’2’9}12 0.01
F1,379)12 -0.00 F2)3,9712 0.00 F3’3’9’12 0.02
F1,479,12 0.00 F27479712 -0.00 F37479,12 0.01
F47479712 -0.03 F175,9712 -0.01 F27579,12 -0.01
F3,5,9,12 0.00 F475,9’12 0.01 F5,5,9.,12 0.02
F1’679’12 -0.01 F2,6’9712 -0.01 F3,6,9A,12 -0.01
Fy6.912 -0.00 Fs56.9,12 0.03 Fs6.9,12 0.05
Fi 7912 -0.00 Fy 7912 0.00 F37912 -0.00
F4,779712 0.04 F5,7,9,12 0.01 F6,7,9,12 0.01
F7,7,9,12 0.14 F178,9’12 0.01 F27879712 0.00
F589,12 -0.00 Fi8912 -0.01 F589.12 -0.11
Fe,’g’g’lg -0.06 F7’8’9712 0.01 Fg’&g}lg -0.35
F1)979)12 0.00 F2)9,9712 0.01 F37979y12 -0.01
F4,9’9712 -0.01 F5,9,9,12 0.12 F6,9,9,12 0.09
F7,9,9,12 -0.02 F879,9,12 0.77 F97979712 -1.03
Fi1,1012 -0.00 Fi21012 0.00 F52.10,12 0.00
F13.10,12 -0.00 F55.10,12 -0.00 F3310,12 0.00
Fi 410,12 0.00 5 410,12 0.00 F34.10,12 0.00
Fy 41012 0.00 Fi51012 -0.00 F5510,12 0.00
F3510,12 0.00 Fy5.10,12 0.01 Fs55.10,12 0.00
F16,10,12 0.00 Fr6.10,12 0.00 F3610,12 -0.00
Fu6.10,12 -0.03 F56,10,12 -0.00 Fs6,10,12 -0.01
Fi 710,12 -0.00 I 710,12 -0.00 F37.10,12 -0.00
Fy 710,12 0.00 F5 710,12 -0.01 Fs.7,10,12 0.01
Fr7710,12 -0.01 F1810,12 -0.00 F5510,12 -0.01
F3510,12 -0.00 Fyg10,12 -0.02 F58.10,12 0.00
Fs 8,10,12 0.00 Fr8,10,12 0.16 Fg 810,12 0.02
Fi9.10,12 0.00 I 910,12 0.00 F39.10,12 -0.01
Fy9.10,12 -0.01 F59.10,12 -0.01 Fs.9,10,12 0.00
F7 910,12 -0.17 F3.9.10,12 -0.01 Fy.9.10,12 0.03
F110,10,12 0.00 F510,10,12 0.00 F310,10,12 0.00
Fy 10,1012 -0.00 F5.10,10,12 -0.00 Fs.10,10,12 0.02
F7 10,10,12 0.01 F310,10,12 -0.14 F5.10,10,12 0.19
Fi0,10,10,12 -0.01 Fyq11,12 0.00 Fi211,12 0.00
211,12 0.00 Fi31112 -0.00 Fr311,12 -0.00
F3311,12 0.00 F141112 -0.00 Fy 411,12 -0.00
F3411,12 0.00 Fy411,12 -0.00 Fi511,12 -0.00
Fy 511,12 -0.00 Fs3511,12 0.00 Fus511,12 0.01
Fs5.11,12 -0.04 Fi 611,12 -0.00 Fr6.11,12 -0.00
F36.11,12 -0.00 Fy6.11,12 0.00 F56.11,12 -0.04
Fe6,11,12 0.04 71112 -0.00 71112 -0.00
F3711,12 0.00 Fy711,12 -0.01 F57.11,12 0.00
Fs711,12 -0.00 Fr 711,12 0.16 Figii,12 0.00
Fy5.11,12 0.00 F3511,12 -0.00 Fyg11,12 -0.01
F55.11,12 0.03 Fs8.11,12 -0.01 Frg11,12 0.02
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Fgg11,12
F3911,12
Fs9.11,12
Fy 911,12
F310,11,12
Fs.10,11,12
Fy.10,11,12
Fy11,11,12
Fs 11,1112
Fg11,11,12
Fii1111,12
Fy019,12
F33192,12
F341212
Fs 512,12
Fs5512,12
F361212
Fs.6,12,12
F3712,12
Fg7.12,12
F> 512,12
Fs58.12,12
F3g12.12
F3912,12
Fs.9.12,12
Fy9.12,12
F310,12,12
Fs.10,12,12
Fy.10,12,12
F5 11,1212
Fs11,12,12
Fg11,12,12
Fii1112,12
F312,12.12
Fg,12,12,12
Fy 12,1212
Fio12.12,12

Table B14: F12-TZ Force Constants for HOOF (cont.)

-0.22
-0.01
0.05
-0.90
-0.00
0.00
0.02
-0.00
0.01
0.18
-0.20
0.00
-0.02
-0.01
0.00
-0.03
0.01
0.22
-0.00
-0.00
-0.00
0.09
0.37
0.00
-0.12
0.94
0.01
0.00
-0.02
0.00
-0.06
-0.45
0.51
-0.00
-0.11
-0.82
0.94

Fio11,12
Fy9.11,12
F7 911,12
F110,11,12
Fy10,11,12
F710,11,12
Fio,10,11,12
F31111,12
Fg 11,1112
Fy11,11,12
Fi1,12,12
F131212
Fi 412,12
Fy412,12
F35192,12
Fi6,12,12
Fi612,12
Fi 712,12
Fy7.12,12
Fr 712,12
F3512,12
Fs8,12,12
Fi91212
Fy9.12,12
F79.12,12
F110,12,12
Fy10,12,12
F7 10,1212
Fip,10,12,12
F311,12,12
Fs11,12,12
Fy11,12,12
Fi12,12,12
Fy1212,12
F712,12,12
Fio,12,12,12
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-0.00
-0.00
-0.01
0.00
0.01
-0.15
0.14
-0.00
0.05
-0.56
-0.00
0.00
0.00
-0.01
-0.01
-0.00
-0.00
0.00
-0.03
-0.14
0.00
0.07
0.01
-0.00
0.01
-0.00
0.05
0.17
-0.21
0.00
-0.08
0.86
-0.02
0.01
-0.01
0.01

Fr911,12
F59.11,12
F39.11,12
F5 10,1112
Fs510,11,12
Fg10,11,12
Fii1,11,12
Fy11,11,12
F7i11,11,12
Fio1111,12
Fi212,12
Fr312.12
F5 412,12
Fi 512,12
Fys512,12
Fs6.12,12
F56,12,12
Fy 712,12
F57.12,12
F1812,12
Fyg.12,12
Fr8.12,12
Fr91212
F59.12,12
Fg 912,12
F510,12,12
Fs510,12,12
Fg 10,12,12
Fi11,12,12
Fyi1112,12
F711,12,12
Fio11,12,12
F12,12,12
F5 12,1212
Fg 12,1212
Fi1,12,12,12

0.00
0.10
0.46
0.00
-0.00
-0.01
-0.00
0.00
-0.01
0.01
-0.00
0.00
0.01
0.00
-0.01
0.00
0.02
-0.00
-0.00
-0.01
0.00
-0.01
-0.00
-0.15
-0.71
-0.00
0.01
0.01
0.01
-0.00
0.01
-0.02
-0.00
0.14
0.64
-0.78




Table B15: F12-TZ Harmonic and Anharmonic Vibrational Frequencies for HOOF
Isotopologues

Mode HOO®XF HO!O®F DOOF DOOY¥F DO BOBF

w1 3709.8 3697.3 2702.9 2702.8 2685.5
w3 1458.8 1454.6 1088.4 1080.8 1076.2
w3 951.1 926.7 975.1 949.6 924.3
Wy 733.6 729.4 759.1 732.8 728.7
w5 541.9 536.3 494.4  491.3 479.2
we 462.0 455.4 3794 3773 376.8
n 3508.5 3497.4 2596.1 2596.1 2580.0
1) 1410.7 1423.0 1055.2  1043.1 1039.8
V3 916.5 896.8 945.6 922.8 899.4
vy 713.4 709.0 1099.7  707.3 703.2
s 515.1 509.4 481.6  478.7 467.1
Vg 451.3 445.4 365.9 364.1 363.8
ZPT 3868.3 3840.3 3163.3 31314 3100.1
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Table B16: Spectroscopic Constants and Geometrical Parameters of HOOF Isotopo-
logues

Constant Units HOORBF HOMBO¥F DOOF DOOBF DOBOBF
R.(H-Oq) A 0.96940  0.96940 0.96940 0.96940  0.96940
Re(Ol-Og) A 1.37112 1.37112 1.37112 1.37112 1.37112
R.(O2-F) A 1.46187 1.46187 1.46187 1.46187 1.46187
/.(H-01-03) ° 102.68 102.68 102.68 102.68 102.68
/(01-09-F) ° 105.42 105.42 105.42 105.42 105.42
A, MHz 51603.6  50681.1 50083.6 46791.6  46111.1
B, MHz 10770.0 10220.2 10267.0 10264.9 97774
C. MHz 9174.5 8747.9 8971.0  8858.9 8478.4
Ro(H-O4) A 0.96702  0.96700 0.96899 0.96884  0.96882
Ro(01-02) A 1.38044 1.38020 1.37967 1.37952 1.37928
Ro(O2-F) A 1.46865 1.46868 1.46914 1.46894 1.46896
£o(H-01-03) ° 102.87 102.88 102.77  102.77 102.78
£0(01-05-F) ° 105.41 105.40 105.43 105.43 105.43
Ap MHz 51392.6  50476.6 49909.0 46636.0  45956.9
By MHz 10685.0 10139.8 10182.6  10183.2 9700.0
Co MHz 9083.1 8661.5 8882.8  8773.2 8397.3
Ay MHz 51287.8  50377.3 49700.1 46454.4  45783.8
By MHz 10675.6 10132.1 10172.6 10173.2 9691.2
C1 MHz 9081.6 8660.9 8878.6  8769.1 8394.3
Ay MHz 51314.4  50407.0 50082.0 46745.5 46048.7
B MHz 10657.6 10112.3 10159.7 10162.1 9678.1
Cy MHz 9070.2 8648.1 8874.7  8766.7 8389.9
As MHz 51163.7  50297.8 49550.9 46337.4  45712.5
Bs MHz 10639.2 10094.3 10137.5 10137.9  9656.3
Cs MHz 9060.5 8641.0 8862.7  8751.8 8378.1
Ay MHz 51099.4  50153.9 49591.6  46353.1 45656.0
By MHz 10615.8 10076.3 10115.2 10118.8  9640.0
Cy MHz 9003.3 8583.9 8799.8  8697.5 8323.6
As MHz 51321.0  50364.7 50284.7 46992.0  46304.3
Bs MHz 10690.2 10149.5 10132.2 10133.4 9656.0
Cs MHz 9063.9 8647.2 8826.4  8715.9 8345.3
Ag MHz 51747.0  50849.8 49895.6 46621.9  45928.1
Bg MHz 10661.8 10113.3 10209.8 10210.3  9723.2
Cs MHz 9035.7 8615.0 8878.1 8766.9 8390.9
Ay kHz 14.678 13.209 13.822 13.565 12.233
A MHz 1.123 1.088 965.823 856.841 826.792
Ajk kHz  -48.394 -46.566 -48.181 -42.534 -39.954
oy kHz  3.057 2.685 2.652 2.779 2.432
0K kHz  47.181 43.376 25.399  26.950 24.204
Dy mHz 15.521 13.512 21.363  21.041 16.985
D Hz 82.930 78.389 62.991 53.536 49.965
Drr mHz 108.982  97.364 -56.214  -63.672 -59.437
Dr s Hz -13.289 -12.263 -10.098 -8.876 -8.146
oF mHz  9.522 8.037 11.690 11.714 9.387
bjk mHz  -49.011 -42.515 86.564  61.258 37.420
oy Hz 13.339 12.184 8.577 7.972 6.673
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Table B17: F12-TZ-cCR Force Constants for HOOF

0.455617 Fis 0.112890 Fis
-0.471061 Fis -0.117972 Fig
0.016750 Fig 0.006865 Fig
-0.001306 Fi1 -0.001784 Fi1o
0.112890 2 0.065141 Fys
-0.083673 Fou -0.044568 Fys
-0.033148 Fyz -0.021195 2
0.003932 F10 0.000622 Foi
0.049044 Fyis 0.045942 F31
-0.013304 Fs.3 -0.018883 Fs4
-0.030928 Fig -0.027675 Fs7
-0.004812 Fig 0.000616 Fs.10
-0.471061 F3 19 -0.083673 Fy1s
0.520163 Fys 0.099837 Fys
-0.051180 Fys -0.016134 Fig
0.002078 Fys -0.000029 Fyo
0.117972 Fyi -0.044568 Fi1o
0.099837 Fs1 0.173892 Fso
0.025302 Fs4 -0.174491 Fss
-0.007168 Fs 7 0.045167 Fs
-0.053860 Fs10 -0.027485 Fs11
0.025303 Fs 13 0.126976 Fs1
0.021820 Fss -0.096874 Fsa
0.006737 Fsg -0.002617 Fsr
0.016750 Feo -0.033148 Fs.10
-0.051180 Fi10 0.025302 Fi 13
0.039579 Fry 0.002509 Frs
-0.005148 Frs 0.005337 Frg
0.006865 Frg -0.021195 Fro
-0.016134 Fr -0.174491 Fris
0.002509 Fs1 0.329595 Fs.
0.006760 29 -0.133909 Fys
0.001062 Fasr -0.019963 Fas
-0.010678 Fi.10 -0.090913 Fs1
0.012666 Fsis 0.041157 Fo1
-0.003050 Fo.3 0.069720 Fo4
-0.001306 Fog 0.003932 For
0.002078 Fog -0.007168 Fo 10
-0.005148 Fy 1 0.006760 Fo1s
0.004376 Fio. -0.003524 Fio
-0.001784 Fios 0.000622 Fioe
-0.000029 Fios 0.045167 Fio.0
0.005337 Fio -0.133909 Fio12
-0.003524 Fiiq 0.088121 Fi1.
0.003753 Fii4 0.001507 Fiis
-0.001321 Fiiz -0.017180 Fi1g
-0.003559 Fi110 0.083393 Fii11
0.001126 Fii1s -0.067719 Fioq
1.5660 Fii, 0.5612 Fis
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0.049044
-0.053860
0.001062
0.003753
0.045942
-0.027485
-0.019963
0.001507
0.055931
-0.033169
-0.021723
-0.001039
-0.013304
0.025303
-0.010678
-0.001321
-0.018883
0.126976
-0.090913
-0.017180
-0.033169
0.226263
-0.124906
-0.068188
-0.030928
0.021820
0.012666
-0.003559
-0.027675
-0.096874
0.041157
0.083393
-0.021723
-0.124906
0.229299
-0.082670
-0.004812
0.006737
-0.003050
0.001126
0.000616
-0.002617
0.069720
-0.067719
-0.001039
-0.068188
-0.082670
0.151897
-0.0515




Table B18: F12-TZ-cCR Force Constants for HOOF (cont.)

-0.1241 Fiis 0.2662 Fios
0.0207 Fia3 -0.1642 Fyss
-0.0610 Fiia -1.5761 Fioa
0.0722 Fisy -0.2472 Fy3.4
0.1802 Fiaa 1.5890 129
0.2194 Fyaa ~1.6170 Fiis
0.0531 Foos 0.1320 Fiss
-0.0085 F335 0.0798 Fias
-0.0586 Fias 0.1303 Fiss
-0.0362 Frss -0.1302 Fis5
0.0304 Fss.5 0.3368 Fiig
-0.1302 Frog 0.0243 Fiag
0.0516 Fi36 0.0796 Fiae
0.1544 Fia6 -0.1588 Fiac
0.1422 Fas 0.0021 Fis6
-0.1938 Fss.6 0.2772 Fige
-0.0286 Fig.6 -0.0754 Fig.6
0.4295 Fs.6 0.5670 Fiiz
-0.0138 Fooz -0.0203 Fisz
-0.0152 Fs 37 -0.0168 Fian
0.0189 Fian 0.0234 Fyar
0.0264 Fysr -0.0015 Fi57
0.0204 Fss7 0.0273 Figr
-0.0298 Fig7 -0.0050 Figr
0.0521 Fson 0.0200 Firn
-0.0078 Fsrn -0.0079 Fyrn
-0.0633 Fsrr -0.0149 Froz
0.0332 Fiog -0.0012 Foosg
-0.0044 Fyss -0.0122 Fiss
-0.0227 Foas -0.0131 F345
0.0699 Fiss -0.0155 Frss
-0.0365 Fiss 0.0308 Fs.8
-0.0109 Fogs -0.0248 Figs
0.0393 Fs.8 -0.3137 Fis.8
-0.0134 Fors 0.0202 Firs
-0.0666 Fsrs -0.0317 Fors
0.1522 Figs 0.0166 Frss
0.0491 Figs -0.0244 Fsss
0.3565 Fras 0.0268 Fsgs
0.0295 Fia0 0.0106 Fy.0
-0.0043 Fyso -0.0195 Fis0
-0.0143 Frao -0.0496 Fiso
0.0277 Fiso -0.0314 Fys.0
-0.0255 Fys.0 0.0627 Fs5.0
0.0173 Fag.0 -0.0294 Fig0
0.0365 Fs6.0 -0.3365 Fi6.0
-0.0164 Frro 0.0457 Firo
-0.0053 Fs.1.0 -0.0397 Fs.r.0
-0.0302 Fi g0 0.0185 Frg.0
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0.1171
-0.0257
-0.5491
-0.1007

0.5345
-0.5924
-0.1125

0.5703
-0.5888

0.0448
-0.2980

0.1682

0.2636
-0.2674
-0.0627
-0.1557

0.1182

0.0101
-0.0154
-0.0122

0.0268
-0.0130

0.0326
-0.0117

0.0030
-0.0136

0.0032
-0.0051
-0.0582
-0.0295
-0.0046
-0.2495

0.0155
-0.3813

0.0252
-0.0223

0.0114

0.3225
-0.5264
-0.0439
-0.0179
-0.0167

0.0073
-0.3082
-0.0047
-0.3654

0.0147
-0.0079

0.0350




Fy 10,10
F7 10,10
F10,10,10
011
F3311
F3 411
Fy511
F5511
F36.11
Fs.6,11
3711
Fs7.11
Fr511
F5811
Fg 811
F3911
Fs0.11
Fy9.11
F310,11
F5.10,11
Fy 10,11
Fr11.11
Fs11.11
Fg 11,11
Fi111,11
F 919
F33190
F3 410

Table B19: F12-TZ-cCR Force Constants for HOOF (cont.)

0.0425
0.3587
0.0298
-0.0240
-0.0014
0.0000
-0.0036
-0.0007
0.0012
-0.0049
0.0018
0.0155
-0.0009
-0.0010
0.0075
0.0087
-0.0062
0.0012
-0.0081
0.0519
0.0016
0.0005
-0.0057
0.0036
-0.0028
0.0041
-0.0001
0.0028
0.0429
-0.0044
-0.0197
0.0030
0.0000
-0.0017
-0.0685
0.1925
0.0025
0.0072
0.2631
-0.0027
0.0010
-0.0065
0.0018
0.0228
-0.1222
0.0977
-0.0010
-0.0008
-0.0047

Fs 10,10
F310,10

F110,11
Fy10,11
F7 10,11
Fip,10,11
F311.11
Fsi1,11
Fo11,11
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-0.0124
-0.0109
0.0471
0.3042
-0.6144
0.0017
-0.0011
-0.0043
-0.0043
-0.0019
0.0057
-0.0005
0.0027
0.0164
0.0029
0.0194
-0.0722
-0.0067
0.0084
0.0048
-0.0001
-0.0102
0.0499
-0.0020
-0.0002
0.0015
-0.0155
0.0002
-0.0011
0.0000
0.0008
0.0272
-0.0812
-0.0004
-0.0180
0.0023
-0.0006
0.0048
-0.0003
-0.0132
0.0531
-0.0395
0.0003
-0.0147
0.1957
0.0023
0.0003
-0.0021
0.0203

Fs.10,10
Fy10,10

F5 10,11
F5.10,11
F3.10,11
Fiiin1
Fyi1,11
Fri1.11
Fio11,11
Fi219
F5 319
I 412
Fi5.192

0.3115
-0.1597
0.0264
0.3357
0.0104
-0.0004
0.0008
0.0044
0.0071
-0.0216
-0.0045
0.0175
-0.0001
-0.0059
-0.0058
0.0163
-0.0190
0.0064
-0.0113
-0.0044
-0.0006
-0.0113
-0.0450
-0.0004
0.0000
-0.0004
-0.0014
-0.0026
-0.0016
0.0343
0.0017
0.0059
0.0001
0.0068
-0.0153
0.0016
-0.0106
-0.1868
-0.0009
-0.0018
0.0085
0.0017
-0.0037
0.0078
-0.0058
0.0026
-0.0063
-0.0041
0.0017




Table B20: F12-TZ-cCR Force Constants for HOOF (cont.)

Fy512 -0.0009 Fs512 0.0084 Fis.12 0.0008
F5,5,12 -0.0138 F176712 0.0048 F276712 0.0064
F3612 0.0006 Fi6a2 0.0040 F5612 -0.0304
Fi6,12 -0.1262 Fizi1o -0.0008 Fyzio -0.0007
F3712 0.0071 Fi712 -0.0064 Fs.7.12 0.0005
Fsr12 -0.0071 Frras 0.0531 Figiz -0.0033
Fog1o 0.0020 Fig12 0.0002 Fig.12 0.0026
F58.12 0.0387 F58.12 0.0071 F7 812 0.0080
F8,8,12 -0.2459 F179712 -0.0081 F279712 0.0017
F3.012 -0.0038 Fio12 0.0042 Fs.012 0.0578
Fs0.12 0.0344 Froao -0.0054 Fyo12 0.2132
F979712 -0.3725 F1,10,12 0.0007 F2,10,12 0.0021
F31019 -0.0027 Fy1012 -0.0118 Fs 1012 -0.0030
Fi.10.12 -0.0017 Fr 1019 -0.0458 Fy10.19 -0.0073
F9?1()112 0.0093 F10710712 0.0570 Fl_’11112 -0.0010
Fai112 -0.0000 F311.12 -0.0023 Fii112 0.0007
F511.12 -0.0239 Fsa1.12 0.0169 Fri112 -0.0078
Fsi112 0.2052 Fo1.12 -0.2728 Fioa1,12 0.0082
Fiia1.12 -0.1813 Fii2.12 0.0030 Fyi1212 -0.0018
F312.12 0.0040 Fii2.12 -0.0035 Fsi12.12 -0.0358
Fs12.12 0.0912 Fria.12 0.0055 Fsi2.12 -0.2205
Fya2.12 0.3419 Fio12.12 -0.0050 Fi112.12 0.2581
F12712712 -0.4371 F171,171 4.48 F171,172 2.21
Fiio -0.33 Fioso -0.77 Fy9.9 -0.15
F17171’3 1.07 F17172’3 0.44 F17272,3 0.00
F272’273 -0.13 F171’373 -0.92 F172’373 -0.25
F2’2,3’3 0.03 F1’3,3’3 -0.44 F2’3,3’3 -0.16
F373,373 0.17 F171,174 -4.50 F171,274 -2.22
F1727274 0.37 F2727274 0.75 F1717374 -1.07
F1727374 -0.42 F2727374 -0.00 F1737374 0.95
F273’374 0.25 F3,3,3,4 0.40 F171,474 4.53
F1’2’4’4 2.24 F2’2’4’4 -0.43 F1’3’4’4 1.07
F273)4,4 0.40 F373)4,4 -1.01 F174)4,4 -4.53
F2’47474 -2.33 F3’47474 -1.13 F4’47474 4.50
Fiiis -2.22 Fiias 0.33 Fioos 0.79
F272’2’5 0.15 F171’3’5 -0.44 F172’3’5 0.01
F2’2’3’5 0.14 F1’3’3’5 0.33 F2’3’3’5 -0.00
F373)3’5 0.18 F171)4’5 2.22 F172)4’5 -0.36
F272,475 -0.76 F173,475 0.44 F273,475 0.01
F3737475 -0.32 F1747475 -2.25 F2747475 0.41
Fiaas -0.46 Fiias 2.35 Fiiss -0.36
F172’575 -0.81 F272’575 -0.16 F173’575 0.01
F2’3,5’5 -0.15 F3’3,5’5 -0.01 F1’4,5’5 0.38
Fyass 0.79 Fia55 -0.03 Fiass -0.57
F1757575 0.89 F2757575 0.15 F3757575 0.20
Fisss -0.91 Fssss -0.15 Fiiie -1.07
F171’276 -0.46 F172’276 0.05 F272’276 0.18
F1’1’3’6 0.92 F1’2’3’6 0.27 F2’2’3’6 -0.00
F173)3,6 0.47 F273)3,6 0.18 F373)3,6 -0.17
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Fii,46
Fi346
Fira46
Fyaa46
Fro56
F33556
3456
Fy556
F5556
Fr066
F3366
F3466
Fys56.6
F55.6.,6
F36,6,6
Fs6.6,6
Fioo7
Fia37
Fy337
Fio47
Fy347
Foua7
Fi157
Fi357
Fias7
Frasq
F3s557
Fii67
Fi367
Fiae67
Fya67
F3s567
Fig67
Fy66,7
Fii77
Fisq77
Fiarq
Fyarn
3577
Figr7
Fyg77
Fiq777
Fy777
777
Fiao3
Fio38
Fr3358
Fioag
Fy348

Table B21: F12-TZ-cCR Force Constants for HOOF (cont.)

1.05
-0.94
-1.06

1.12
-0.17
-0.17

0.35

0.20

0.26

0.02

0.14

0.44

0.03

0.77
-0.13

0.83
-0.04
-0.02
-0.00
-0.02

0.02

0.09

0.00

0.01

0.03
-0.11

0.01

0.01

0.01

0.01
-0.06
-0.00

0.01

0.20

0.01

0.01

0.03
-0.03
-0.02
-0.02

0.05
-0.05
-0.03

0.21
-0.02
-0.01
-0.03
-0.00
-0.01

Fio46
Fr3456
Is446
Fii156
Fiss6
Fiase
Fias56
35556
Fi166
Fi 366
Fia66
Fia66
F3566
Fi66,6
Fy6,6.6
Fii17
Fro07
237
F3337
Fr947
F3347
F3447
Fias7
Fy357
Fya57
Fi557
Fus57
Fio67
Fy367
67
Fi567
Fys67
Frs6,7
F56.6,7
Fiaq7
Fy377
Fourn
Fis77
Fys77
g7
Fs677
Fyq777
Fs777
Fii18
Fr2038
033
F33338
Fr043
F3343
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0.46
-0.26
-0.48

0.41
-0.34
-0.45

0.33

0.04
-0.97
-0.49

0.96
-1.20

0.19

0.57
-0.59

0.02

0.02
-0.00

0.04

0.07

0.06

0.05

0.03
-0.01
-0.05
-0.01

0.19
-0.00
-0.02

0.02

0.04

0.11
-0.01

0.10

0.02
-0.00
-0.08
-0.04

0.09
-0.02
-0.15

0.05
-0.07

0.00

0.01
-0.01
-0.02

0.02

0.07

Fy0456
F33456
F3446
Fia56
Fy3556
Fra56
Fis556
Fys556
Fi266
Fr36.6
466
Fis566
Fys56.6
66,6
Fs56,6,6
Fii27
Fii37
Fi337
Firia7
Fi347
Fiaa7
Fyaan
Fro57
F3357
F3457
557
Fss557
Fyo67
F3367
3467
Fy56,7
Fss567
F366,7
Fs6,6,7
a7
F3377
F3a77
Fos77
Fss577
3677
Fs6,7,7
Fs777
Fosr77
Fii28
Fii1338
Fi338
Fiiag
Fi348
Fia48

-0.03
-0.42
0.97
-0.07
0.00
0.06
0.13
-0.20
-0.29
-0.20
0.30
0.43
-0.55
0.27
0.70
0.00
0.00
-0.02
-0.03
-0.00
0.00
0.03
-0.03
-0.01
0.01
0.02
0.05
-0.02
-0.05
-0.04
-0.01
0.11
0.06
-0.02
-0.02
-0.04
-0.05
0.01
-0.19
0.03
-0.21
0.03
-0.02
-0.00
0.00
-0.08
-0.00
-0.02
0.01




Fy448
Fii538
Fi358
Frasg
Frasg
F3553
Fii1638
Fi368
F1463
Frae6g
F3563
Fi663
Fi6638
Fii78
Fiz7s
Fiarg
Fyarg
3573
Fig7g
Fye78
Fi773
Fyr773
Frq773
Fy0353
F33358
F5488
Fy553
F5553
F3653
Fs6,8,8
F37838
Fs 783
Frs53
F5553
F3333
Fi29
Fio39
Fy339
Fiaa9
Fs349
Fr449
Fii159
Fis59
Fia59
Fia59
3559
Fi169
Fi369
Fia69

Table B22: F12-TZ-cCR Force Constants for HOOF (cont.)

0.02
0.04
-0.02
-0.02
0.19
-0.05
0.06
0.07
-0.02
0.15
-0.04
-0.14
0.25
-0.00
0.01
-0.01
0.03
0.00
-0.04
-0.14
0.01
-0.03
0.04
-0.03
0.03
-0.00
-0.01
0.02
0.04
0.85
-0.01
0.06
0.04
-0.05
-0.06
-0.06
-0.02
-0.02
-0.04
-0.00
0.08
0.03
0.01
0.01
0.11
-0.03
0.05
0.03
-0.02

F3448
Fias8
Fy358
Fru58
Fis558
Fys553
Fi268
Fy368
I 4638
Fis568
Fis563
Fr6.6,8
F56.6,8
Fio7g
Fy378
Foa7g
Fis73
Fys5738
6738
F56,78
Fyr773
Fs773
Fii1838
i3s3
Firasg
Fragg
F3553
Figs3
Fi653
Fi7388
Fyrss
Fr7583
F3553
Fs5.8,8
Fii19
Fr999
Fr039
F3339
Fr249
F3349
F34409
Fia59
Fy359
Fy459
Fis59
Fys559
Fi269
Fy369
Fy 469
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0.06
0.02
0.01
-0.02
-0.07
0.12
0.02
-0.00
-0.04
-0.06
0.14
-0.04
-0.85
0.00
0.02
-0.02
-0.02
-0.18
0.04
-0.10
0.02
0.25
-0.04
0.02
0.03
-0.25
0.04
0.05
-0.10
0.02
0.27
-0.49
-0.03
-0.67
-0.00
-0.05
-0.02
0.01
0.03
0.03
0.04
0.06
-0.00
-0.08
-0.14
0.24
0.02
0.02
-0.04

Fyraa8
Ir258
F3353
F3458
Frs553
F5553
268
F3368
F3468
Fy568
Fs5563
F3663
Fs.6,6,8
073
F33738
F3473
Fys573
F55738
F36738
Fs6,7,8
F3773
For7738
Fiags
Fy338
438
Fis588
Fis553
Fr653
F5633
7588
F5788
Figsg
Fyg53
Frg338
Fii29
Fi139
Fi339
Fi1,49
Fi3a9
Firaa9
Fyaa9
Fra59
F3359
F3459
Fys559
F5559
Fr269
F3369
F3469

-0.03
0.01
0.00
0.01
0.01

-0.00

-0.01

-0.01

-0.10

-0.02

-0.51
0.00

-0.98
0.00
0.02

-0.03
0.02

-0.09
0.02

-0.10
0.02
0.17

-0.00

-0.01
0.00
0.05
-0.11
0.04
0.57
-0.01
0.08
-0.05
0.13
-0.11
0.02
0.00
-0.04
0.01
-0.01
-0.01
-0.00
0.03
0.01
-0.02
-0.04
-0.46
-0.01
0.02
-0.02




Fya69
F3569
Fi66,9
Fy66,9
Fii79
Fi379
Fiamg
Fiam9
3579
Fie79
Fyg79
Fi779
Fyr779
779
Fr2389
F3359
F3459
Fys559
F5559
F36,8,9
Fs6.89
3759
Fs7.89
Iy339
F5339
Fgss,9
Fr099
F3399
F34909
Iy5909
F5590.9
F36909
Fs6,9,9
F37909
Fs7.9,9
Fr899
Fss99
F339.9
F39909
Fs9.9,9
Fy99,9
Fi122,10
Fi 2310
Fy 3310
Fi124.10
F>3.4.10
F44.10
Fi1510
Fi 3510

Table B23: F12-TZ-cCR Force Constants for HOOF (cont.)

0.18
-0.04
-0.10

0.15
-0.01

0.01
-0.00

0.01

0.01
-0.03
-0.16

0.01
-0.00
-0.02

0.03

0.02

0.02
-0.00

0.51

0.02

0.97
-0.03

0.07
-0.02
-0.52

0.38

0.03
-0.05
-0.02

0.05

0.83

0.00

0.40

0.01

0.03
-0.07
-0.79

1.29

0.05
-0.50

1.49

0.01
-0.00
-0.00
-0.00

0.00
-0.00
-0.00
-0.00

Fis69
Fys569
66,9
F56,6,9
Fio79
Fy37.9
479
Fis79
Fys79
Fr679
Fs6.7.9
779
Fs77.9
1189
Fi3s9
Fiaso
Fyaso
F3559
Figs9
Fye8,9
Fi759
Fy759
Fr759
F3339
Fs8.8,9
Fi199
Fis99
Fia99
Fia99
35909
Fi6,9,9
Fug99
Fiz799
Fyz799
Fr7909
F389,9
Fss.99
Fig99
Fyo99
Fr999
Fi11.10
F59210
F>2310
F33310
Fs2.4.10
F33410
F34.4,10
Fi 2510
F> 3510
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-0.09
0.19
-0.08
-0.84
0.02
0.02
-0.04
-0.05
-0.10
0.02
-0.09
0.02
0.13
-0.05
0.01
0.03
-0.19
0.03
0.07
-0.15
0.03
0.13
0.01
-0.07
-0.88
-0.05
0.01
0.03
-0.19
0.03
0.08
-0.13
0.02
0.13
-0.32
-0.04
-0.92
-0.10
0.16
-0.02
0.00
-0.00
0.00
0.00
-0.00
0.00
0.00
-0.00
-0.01

Fy56.9
F55.6,9
F36.6,9
Fs,6,6,9
Fyo79
F3379
F3479
Fy57.9
F557.9
Fs6,7,9
Fs6,7,9
3779
Fs7.79
Fio39
Fr389
Fra59
Fiss9
Fys559
Fy639
F56,8,9
Fy759
Fs5759
Figso
Fyg39
Fr33.9
Fi299
Fy3909
4909
Fis99
Fy599
Fr6.9.9
Fs6.99
Fy7909
F57909
Figo9
Fys99
Frg99
Fr999
F5999
F39.99
Fi1210
F11.3,10
Fi3310
Fi1,40
F134.10
F144.10
Fy 44,10
F> 2510
F33510

-0.04
-0.82
-0.01
-0.44
0.02
0.01
-0.02
0.03
-0.13
-0.01
-0.03
0.01
0.18
-0.01
0.03
0.06
0.08
-0.16
0.04
0.87
-0.07
0.10
-0.06
0.10
-0.03
-0.00
-0.00
0.04
0.10
-0.18
0.07
0.85
-0.04
0.07
-0.10
0.13
-0.04
-0.08
-1.00
0.19
0.00
-0.00
-0.00
0.00
0.00
0.00
-0.01
0.00
0.01




Table B24: F12-TZ-cCR Force Constants for HOOF (cont.)

Fi 4510 -0.00 F> 4510 -0.00 F34.510 0.00
F4,475710 0.01 F1,575710 -0.00 F2,575710 0.01
F3,575710 0.01 F4,575710 0.00 F5,575710 -0.04
Fi1610 0.00 Fi 26,10 0.00 F> 26,10 -0.00
F1’3’6’10 0.00 F2’3’6’10 0.00 F3’3’6’10 -0.00
Fi 46,10 -0.00 F> 46,10 -0.01 F3 46,10 0.00
F4,476710 -0.00 F1,576710 -0.00 F2,576710 0.02
F3,576710 -0.01 F4,576710 0.01 F5,576710 -0.04
Fi6.6,10 0.00 Fy6.6,10 -0.00 F36.6,10 -0.00
F4,6,6,10 0.04 F5,6,6,10 0.02 F6,6,6,10 0.04
Fi1,710 -0.00 Fi2710 -0.01 Fs 2710 -0.00
F1,377,10 -0.00 F2,377,10 -0.00 F3,377,10 0.01
F1,477710 -0.00 F2,477710 0.01 F3,477710 -0.00
Fya710 -0.01 Fi57,10 0.01 Fy 57,10 0.00
F3’577’10 0.00 F4’577’10 -0.01 F5’577’10 0.02
F1’6’7’10 0.00 F2’6’7’10 0.01 F3’6’7’10 -0.01
F4)677)10 0.01 F5)677)10 -0.01 F6,677,10 -0.01
F1,777710 0.01 F2,777710 -0.00 F3,777710 0.01
F4,777710 0.03 F5,777710 0.01 F6,777710 -0.01
Fr 7710 -0.13 Fi1810 -0.00 Fi 2510 -0.00
F2’2’8’10 0.00 F1’3’8’10 0.01 F2’3’8’10 0.00
F3)378)10 -0.00 F1)478)10 0.00 F2)478)10 0.01
F3,478710 -0.01 F4,478710 -0.01 F1,578710 0.01
F2,578710 -0.01 F3,578710 -0.00 F4,578710 0.01
F57578710 0.04 F1,6,8,10 -0.00 F2,6,8,1O -0.01
F3,6,8,10 0.01 F4,6,8,10 0.00 F5,6,8,10 0.02
F6,6,8,10 -0.02 F1’7’8,10 -0.00 F2’7’8,10 -0.01
F3 7510 -0.00 Fy75810 0.01 F57510 -0.05
F6,7,8,10 0.01 F7,778710 -0.03 F1,8,8,10 -0.01
FQ,&&lO 0.01 Fg,&&lo -0.01 F4,8,8,10 -0.04
F5,8,8,10 -0.03 F6,8,8,1O -0.00 F7,8,8,1O 0.20
Fg}g’g’lo 0.04 F1’1’9’10 0.00 F1’2’9’10 -0.00
Fy29.10 0.00 Fi3910 0.00 Fy39.10 -0.00
F33910 -0.00 Fi 4910 0.00 Fy 4910 0.00
F3,479710 -0.01 F4,479710 -0.00 F1,579710 0.01
F21579’10 -0.01 F31579’10 0.00 F41579’1() -0.02
Fs59.10 0.03 Fi6910 -0.00 Fs6.9,10 -0.00
F3’679)10 0.01 F4’679)10 -0.00 F5)679)10 -0.01
Fs.6.9,10 -0.03 Fi 7910 0.00 Fy 7910 -0.00
F3,779710 0.00 F4,779710 -0.00 F5,779710 0.02
F6,779710 0.00 F77779710 0.01 F17879710 -0.00
F2’879’10 0.02 F3’879’10 -0.00 F4’879’10 0.03
F5’8’9,10 -0.02 F6,8,9,10 0.01 F7’8’9,10 -0.17
Fg,&g,lo -0.01 F1,979,10 -0.00 F2,979,10 0.00
F3,979710 0.00 F4,979710 0.02 F5,979710 0.01
F5,979710 0.01 F7,979710 0.17 F8,979710 0.01
Fy.9.9,10 -0.04 F11,10,10 0.00 F12.10,10 0.00
F5 210,10 -0.00 F1 310,10 0.00 F5 310,10 -0.00
F33.10,10 -0.00 Fi 410,10 0.00 F5 410,10 -0.00
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3 4.10,10
F5 510,10
5 5.10,10
F36,10,10
Fs.6,10,10
F3 710,10
F5,7.10,10
F5 510,10
F58.10,10
Fg 810,10
F39.10,10
F5.9.10,10
F9.9.10,10
F3.10,10,10
Fg,10,10,10
Fy10,10,10
Fii1211
F11311
Fi3311
Fri4m
Fi3411
Fi4411
Fya411
F2511
F33511
Fs54511
Fys5511
F55511
I 26,11
F33611
F3 46,11
Fy5611
F556,11
F366,11
Fs6,6,11
Fao 711
F33711
F3 4711
Fo5711
F557.11
F367.11
Fg,6,7,11
F3 7711
Fs 7711
F12811
Fy3811
Faa811
Fis5511
Fys5811

Table B25: F12-TZ-cCR Force Constants for HOOF (cont.)

0.00
-0.00
-0.02

0.00
-0.03
-0.00

0.00

0.00

0.03
-0.15
-0.00

0.01
-0.19

0.00
-0.00

0.01

0.00
-0.00

0.00
-0.00
-0.00

0.00

0.01

0.00

0.00

0.00
-0.00

0.01

0.00

0.00

0.01
-0.01

0.05

0.00

0.01

0.00
-0.00
-0.00
-0.00

0.02
-0.00

0.00
-0.00

0.00

0.00

0.00

0.00
-0.00

0.01

Fy 410,10
F35.10,10
F16,10,10
Fy 610,10
Fi 710,10
Fy 710,10
F7 710,10
F3810,10
F,8,10,10
F1.9.10,10
Fy9.10,10
F7 910,10
F1.10,10,10
Fy.10,10,10
F7 10,10,10
F10,10,10,10
Fi2011
Fi2311
Fy3311
Fia411
Fy3.411
Iy 4411
Fii511
Fi3511
4511
Fra511
F35511
1611
Fi3611
Iy 4611
Fya6,11
I35611
Fi66,11
Fy66,11
Fii711
Fi3711
Fia711
Fya7i1
F357.11
Fi67,11
Fyg711
Fi7711
Fyq7711
Fr 7711
2811
I33511
F3 4811
Fr5511
F5558.11
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0.02
-0.00
0.00
0.00
-0.00
-0.02
0.10
0.00
-0.01
-0.00
0.00
-0.01
0.00
-0.00
-0.08
0.08
-0.00
-0.00
0.00
-0.00
0.00
0.00
-0.00
-0.00
0.00
-0.03
0.00
-0.00
-0.00
0.00
-0.00
-0.00
0.00
-0.00
-0.00
0.00
0.00
-0.01
0.00
-0.00
0.00
-0.00
0.01
-0.03
0.01
-0.00
0.00
-0.01
-0.02

Fi 510,10
Fy 510,10
F56.10,10
F5 6,10,10
F> 710,10
Fs 710,10
F18,10,10
Fy5.10,10
F7 810,10
F59.10,10
Fs.9.10,10
F3.9.10,10
F5 10,10,10
F5.10,10,10
Fg10,10,10
Fii111
Fy9011
Fr2311
F33311
Fy0411
F33.411
F3 4411
Fi2511
Fy3511
Fy 4511
Fi5511
Fys5511
Fi 2611
Fy 3611
46,11
Fi 5611
Fys5611
Fy 66,11
F56.6,11
Fia711
Fy37.11
Fy 4711
Fi57.11
Fy5711
Fy6711
F567,11
7711
Fs 7711
Fii1811
Fi3g11
F14811
Fyag11
35511
Fi68,11

-0.00
0.01
-0.00
0.00
-0.00
-0.00
-0.00
-0.00
0.02
0.00
0.00
0.15
0.00
0.00
-0.01
0.00
-0.00
-0.00
0.00
0.00
-0.00
0.00
0.00
0.00
0.00
-0.00
-0.01
-0.00
0.00
0.01
-0.00
-0.01
-0.01
0.05
0.00
0.00
0.00
-0.00
0.04
-0.01
0.01
-0.01
-0.06
0.00
0.00
-0.00
0.05
-0.01
-0.00




Table B26: F12-TZ-cCR Force Constants for HOOF (cont.)

6811 -0.00 F363811 0.00 Fie811 0.00
F56,811 -0.03 Fe,6,811 0.04 Fi7811 -0.00
F> 7811 -0.01 F37811 -0.01 Fyr811 -0.07
Fs5 7511 -0.01 Fo7811 0.00 Fr 7511 0.22
Figg 11 0.01 Fr5811 0.00 F35811 0.00
Fygg811 -0.02 F55811 0.05 Fs88,11 0.06
Fr8811 0.03 Fs8,811 0.08 Fia9011 -0.00
Fi2911 0.00 0911 -0.01 Fi3911 0.00
Fy3911 -0.00 F33911 -0.01 Fi4911 0.00
Fs 4911 -0.01 F3 4911 -0.00 Fy4911 -0.00
F1,5,g’11 0.01 F2’5’9’11 0.01 F3’5’9,11 -0.00
F475,9711 0.00 F57579,11 -0.01 F1,679,11 0.01
F276,g711 001 F3,679,11 000 F4,679711 —OOO
F5,6,9,11 -001 F6,679,11 —005 F1,779711 —000
F2’7,9711 0.01 F377’9111 0.00 F4’779’11 0.01
F5,7’9’11 -0.01 F6’7’9’11 0.00 F7’7’9’11 -0.16
Fig911 -0.00 Fy89.11 -0.00 F38911 0.00
F478’9711 0.00 F5,8,9,11 0.01 F6,879,11 -0.03
F7,8,9,11 -0.01 F8,879,11 0.16 F1,979711 -0.00
F2’9,9711 —001 F3,9,9,11 001 F41979,11 001
F5,9$9’11 -0.09 F6’979’11 0.00 F7,9’9’11 0.01
Fg 09,11 -0.43 Fy99,11 0.89 Fi 110,11 0.00
F121011 -0.00 F210,11 -0.00 F1310,11 -0.00
I 310,11 -0.00 F3310,11 0.00 F1 410,11 -0.00
5 410,11 -0.00 F34.10,11 0.00 Fy 410,11 0.00
Fi 510,11 -0.00 Fs 510,11 0.00 F3510,11 -0.00
Fy510,11 -0.01 Fs5.10,11 -0.01 Fi6,10,11 0.00
5 6.10,11 0.00 F36.10,11 0.00 Fy6.10,11 -0.00
56,1011 -0.00 Fs.6,10,11 -0.00 Fi 710,11 0.00
5 710,11 0.00 F37.10,11 0.00 Fy 710,11 -0.00
F5.710,11 0.03 Fs.7,10,11 -0.00 Fr 710,11 0.02
Iy 810,11 0.00 F> 510,11 0.00 F3510,11 0.01
Fyg10,11 0.03 Fs55.10,11 0.01 Fs.8,10,11 -0.00
7 810,11 -0.14 F33.10,11 -0.02 Fi9.10,11 -0.00
910,11 -0.00 F39.10,11 0.00 Fy9.10,11 -0.01
F5.9,10,11 0.01 Fs,9,10,11 -0.00 F79.1011 0.16
Fg9.10,11 0.01 F59.10,11 -0.02 F110,10,11 -0.00
F510,10,11 -0.00 F310,10,11 -0.00 Fy10,10,11 0.00
F5.10,10,11 -0.02 F5.10,10,11 0.01 F7 10,1011 -0.01
F3.10,10,11 0.11 Fy 10,1011 -0.15 F10,10,10,11 0.01
111,11 -0.00 Fi211,11 0.00 Fy011,11 -0.01
Fi 311,11 -0.00 Fs 311,11 -0.00 F3311,11 -0.00
Fyg11,11 0.00 Fs 411,11 -0.01 F3 411,11 -0.00
Fya11,11 -0.02 Fi511,11 0.00 Fy 511,11 0.01
F3511,11 0.00 Fys511,11 -0.00 Fs55.11,11 0.02
I 611,11 0.00 Fy6.11,11 0.00 F36.11,11 -0.00
Fu611,11 -0.00 F5611,11 -0.01 Fs6,11,11 -0.08
711,11 0.00 Fy 711,11 0.01 F3 711,11 0.01
Fy711,11 0.04 Fs 711,11 0.00 Fs7.11,11 -0.00
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Table B27: F12-TZ-cCR Force Constants for HOOF (cont.)

Fr 711,11
F3511.11
Fs8.11,11
Fro11,11
Fuo11,11
Fr911,11
F110,11,11
Fy10,11,11
F7 10,1111
Fio,10,11,11
F311,11,11
Fs11,11,11
Fo11,11,11
Fi11,12
F9010
Fy0312
F33312
Fy0.412
F334.12
F344.12
Fi2512
Fy 3512
Iy 4512
Fi 55,12
Fy 55,12
F126,12
Fy 3612
F 46,12
Fi 56,12
Fy 56,12
Fs66,12
F56.6,12
Fi2712
Fy 3712
Iy 4712
Fis7.12
Fys5712
6712
F56.7,12
Fy 7712
F5 7712
F11812
Fi35812
Fi4812
Fy4812
F35512
F168,12
Fy6812
Fi 75812

-0.15
0.00
-0.02
-0.00
0.00
0.01
-0.00
-0.02
0.11
-0.09
-0.00
0.03
0.17
-0.00
-0.00
-0.00
-0.00
-0.00
-0.01
0.00
-0.00
-0.00
0.01
0.01
-0.02
0.00
-0.00
-0.01
0.00
0.01
0.01
-0.06
-0.00
0.00
0.00
0.00
-0.03
0.00
-0.01
0.00
0.04
-0.01
0.00
0.01
-0.02
-0.00
-0.00
-0.01
0.00

Fig11,11
Fig11.11
Fr 811,11
Fr911,11
Fs911,11
Fg9.11,11
F5 10,1111
Fs10,11,11
F310,11,11
Fri11,m
Fyi1,11,11
Fri1,11,11
Fio11,11,11
Fi12,12
F113,12
Fi 3312
Fi1.412
Fi134.12
Fi4412
Fyyg412
Fy 0512
F33512
F345.12
Fs 55,12
F55512
Fs96,12
F33612
F3 46,12
Fs 56,12
F556,12
F36,6,12
Fs6.6,12
Fy 0712
F33712
F347.12
Fy57.12
F55712
F36.7.12
Fs6,7,12
37712
Fs7.7,12
Fi2812
Fy 3512
Fy 4812
Fi 58,12
Fy 5812
F68,12
F565812
75812
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-0.01
0.01
-0.02
-0.00
-0.00
-0.17
-0.00
-0.00
0.01
0.00
-0.01
0.01
-0.00
0.00
0.00
0.00
0.01
-0.00
-0.01
0.01
0.01
-0.01
-0.01
-0.01
0.00
-0.00
0.00
0.00
0.01
0.00
-0.00
-0.27
-0.00
0.00
-0.00
-0.01
0.01
0.00
-0.01
0.00
0.00
-0.00
0.01
-0.00
0.00
0.01
-0.00
0.03
0.01

Fyg11,11
F5811.11
F38.11,11
F3911,11
Fs0.11,11
Fy9.11,11
F310,11,11
Fg,10,11,11
Fy10,11,11
111111
Fs11,11,11
Fg11,11,11
Fiii11,11
Fi2912
F12312
Fy 3312
Fi2412
Fr34.12
Fy 4412
Fi1512
Fi 3512
Fi 4512
Fy4512
F35512
Fi16,12
F136,12
Fi 4612
Fy612
F356,12
Fi66,12
Fy66,12
Fi1712
Fi3712
Fi47.12
Fya712
F357.12
Fi6712
Fyg712
Fi 7712
Fy7712
Fr 7712
Fs 9812
F33512
F345812
F 55,12
F555,12
F36,8,12
Fs 6,812
F37512

0.00
-0.01
-0.12

0.00

0.03

0.53
-0.00

0.00
-0.01
-0.00
-0.01

0.14
-0.13

0.00
-0.00
-0.00
-0.00

0.00

0.00

0.00

0.01
-0.00

0.02
-0.00
-0.00
-0.01
-0.00

0.05

0.02

0.02

0.00
-0.00

0.00

0.00
-0.00

0.01

0.00
-0.01
-0.00
-0.00

0.02
-0.01

0.01

0.01

0.01

0.05
-0.01

0.01
-0.01




Table B28: F12-TZ-cCR Force Constants for HOOF (cont.)

F4)778)12 0.03 F5,7,8712 -0.01 F677,8,12 0.01
F7,7,8,12 -0.20 F1,8,8,12 -0.00 F2,878,12 -0.01
F3,8,8,12 -0.00 F4,8,8,12 0.01 F5,878,12 -0.09
Fs88,12 -0.01 Frgs812 -0.02 Fgg8.12 0.31
F1’1’9’12 -0.00 F1’2’9712 0.00 F2’2’9}12 0.01
F1,379)12 -0.00 F2)3,9712 0.00 F3’3’9’12 0.02
F1,479,12 0.00 F27479712 -0.00 F37479,12 0.01
F47479712 -0.03 F175,9712 -0.01 F27579,12 -0.01
F3,5,9,12 0.00 F475,9’12 0.01 F5,5,9.,12 0.02
F1’679’12 -0.01 F2,6’9712 -0.01 F3,6,9A,12 -0.01
Fy6.912 -0.00 Fs56.9,12 0.02 Fs6.9,12 0.05
Fi 7912 -0.00 Fy 7912 0.00 F37912 -0.00
F4,779712 0.04 F5,7,9,12 0.01 F6,7,9,12 0.01
F7,7,9,12 0.14 F178,9’12 0.01 F27879712 0.00
F589,12 -0.00 Fi8912 -0.01 F589.12 -0.11
Fe,’g’g’lg -0.06 F7’8’9712 0.01 Fg’&g}lg -0.35
F1)979)12 0.00 F2)9,9712 0.01 F37979y12 -0.01
F4,9’9712 -0.01 F5,9,9,12 0.12 F6,9,9,12 0.09
F7,9,9,12 -0.02 F879,9,12 0.77 F97979712 -1.04
Fi1,1012 -0.00 Fi21012 0.00 F52.10,12 0.00
F13.10,12 -0.00 F55.10,12 -0.00 F3310,12 -0.00
Fi 410,12 0.00 5 410,12 0.00 F34.10,12 0.00
Fy 41012 0.00 Fi51012 -0.00 F5510,12 0.00
F3510,12 0.00 Fy5.10,12 0.01 Fs55.10,12 0.00
F16,10,12 0.00 Fr6.10,12 0.00 F3610,12 -0.00
Fu6.10,12 -0.03 F56,10,12 -0.00 Fs6,10,12 -0.01
Fi 710,12 -0.00 I 710,12 -0.00 F37.10,12 -0.00
Fy 710,12 0.00 F5 710,12 -0.01 Fs.7,10,12 0.01
Fr7710,12 -0.01 F1810,12 -0.00 F5510,12 -0.01
F3510,12 -0.00 Fyg10,12 -0.02 F58.10,12 0.00
Fs 8,10,12 0.00 Fr8,10,12 0.16 Fg 810,12 0.02
Fi9.10,12 0.00 I 910,12 0.00 F39.10,12 -0.01
Fy9.10,12 -0.01 F59.10,12 -0.01 Fs.9,10,12 0.00
F7 910,12 -0.17 F3.9.10,12 -0.01 Fy.9.10,12 0.03
F110,10,12 0.00 F510,10,12 0.00 F310,10,12 0.00
Fy 10,1012 -0.00 F5.10,10,12 -0.00 Fs.10,10,12 0.02
F7 10,10,12 0.01 F310,10,12 -0.14 F5.10,10,12 0.19
Fi0,10,10,12 -0.01 Fyq11,12 0.00 Fi211,12 0.00
211,12 0.00 Fi31112 -0.00 Fr311,12 -0.00
F3311,12 0.00 F141112 -0.00 Fy 411,12 -0.00
F3411,12 0.00 Fy411,12 -0.00 Fi511,12 -0.00
Fy 511,12 -0.00 Fs3511,12 0.00 Fus511,12 0.01
Fs5.11,12 -0.04 Fi 611,12 -0.00 Fr6.11,12 -0.00
F36.11,12 -0.00 Fy6.11,12 0.00 F56.11,12 -0.04
Fe6,11,12 0.04 71112 -0.00 71112 -0.00
F3711,12 0.00 Fy711,12 -0.01 F57.11,12 0.00
Fs711,12 -0.00 Fr 711,12 0.16 Figii,12 0.00
Fy5.11,12 0.00 F3511,12 -0.00 Fyg11,12 -0.01
F55.11,12 0.03 Fs8.11,12 -0.01 Frg11,12 0.02
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Table B29: F12-TZ-cCR Force Constants for HOOF (cont.)

Fgg11,12
F3911,12
Fs9.11,12
Fy 911,12
F310,11,12
Fs.10,11,12
Fy.10,11,12
Fy11,11,12
Fs 11,1112
Fg11,11,12
Fii1111,12
Fy019,12
F33192,12
F341212
Fs 512,12
Fs5512,12
F361212
Fs.6,12,12
F3712,12
Fg7.12,12
F> 512,12
Fs58.12,12
F3g12.12
F3912,12
Fs.9.12,12
Fy9.12,12
F310,12,12
Fs.10,12,12
Fy.10,12,12
F5 11,1212
Fs11,12,12
Fg11,12,12
Fii1112,12
F312,12.12
Fg,12,12,12
Fy 12,1212
Fio12.12,12

-0.22
-0.01
0.05
-0.90
-0.00
0.00
0.02
-0.00
0.01
0.19
-0.20
0.00
-0.02
-0.01
0.00
-0.03
0.01
0.22
-0.00
-0.00
-0.00
0.09
0.37
0.00
-0.13
0.95
0.01
0.00
-0.02
0.00
-0.06
-0.45
0.51
-0.00
-0.11
-0.83
0.95

Fio11,12
Fy9.11,12
F7 911,12
F110,11,12
Fy10,11,12
F710,11,12
Fio,10,11,12
F31111,12
Fg 11,1112
Fy11,11,12
Fi1,12,12
F131212
Fi 412,12
Fy412,12
F35192,12
Fi6,12,12
Fi612,12
Fi 712,12
Fy7.12,12
Fr 712,12
F3512,12
Fs8,12,12
Fi91212
Fy9.12,12
F79.12,12
F110,12,12
Fy10,12,12
F7 10,1212
Fip,10,12,12
F311,12,12
Fs11,12,12
Fy11,12,12
Fi12,12,12
Fy1212,12
F712,12,12
Fio,12,12,12
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-0.00
-0.00
-0.01
0.00
0.01

-0.15
0.14
-0.00
0.05

-0.56
-0.00
0.00
0.00
-0.01
-0.01
-0.00
-0.00
0.00
-0.03
-0.14
0.00

0.07
0.01

-0.00
0.01

-0.00
0.05

0.17
-0.21
0.00

-0.08
0.86

-0.02
0.01

-0.01
0.01

Fr911,12
F59.11,12
F39.11,12
F5 10,1112
Fs510,11,12
Fg10,11,12
Fii1,11,12
Fy11,11,12
F7i11,11,12
Fio1111,12
Fi212,12
Fr312.12
F5 412,12
Fi 512,12
Fys512,12
Fs6.12,12
F56,12,12
Fy 712,12
F57.12,12
F1812,12
Fyg.12,12
Fr8.12,12
Fr91212
F59.12,12
Fg 912,12
F510,12,12
Fs510,12,12
Fg 10,12,12
Fi11,12,12
Fyi1112,12
F711,12,12
Fio11,12,12
F12,12,12
F5 12,1212
Fg 12,1212
Fi1,12,12,12

0.00
0.10
0.46
0.00
-0.00
-0.01
-0.00
0.00
-0.01
0.01

-0.00
0.00
0.01

0.00
-0.01
0.00
0.02

-0.00
-0.00
-0.01
0.00

-0.01
-0.00
-0.15
-0.71
-0.00
0.01

0.01

0.01

-0.00
0.01

-0.02
-0.00
0.15

0.64

-0.78




Table B30: F12-TZ-cCR Harmonic and Anharmonic Vibrational Frequencies for
HOOF Isotopologues

Mode HOO®XF HO!O®F DOOF DOOY¥F DO BOBF

w1 3711.3 3698.9 2704.0 2704.0 2686.7
w2 1460.2 1456.0 1089.4  1081.8 1077.1
w3 951.5 927.0 975.5 949.9 924.7
w4 733.4 729.2 758.9 732.6 728.5
w5 541.8 536.2 494.6 491.4 479.4
we 462.2 455.5 379.3 377.2 376.7
n 3510.3 3499.1 2597.3  2597.3 2581.2
1) 1411.6 1424.0 1055.9 10434 1040.1
V3 917.0 897.3 946.0 923.2 899.8
V4 713.4 708.9 1161.2  707.2 703.1
vs 515.5 509.8 481.9 479.0 467.5
Vg 451.6 445.7 366.0 364.2 363.9
ZPT 3870.1 3842.0 3164.7  3132.7 3101.5
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Table B31: Spectroscopic Constants and Geometrical Parameters of HOOF Isotopo-
logues

Constant Units HOORBF HOMBO¥F DOOF DOOBF DOBOBF
R.(H-Oq) A 0.96864  0.96864 0.96864 0.96864  0.96864
R.(01-02) A 1.36969 1.36969 1.36969 1.36969 1.36969
R.(O2-F) A 1.46121 1.46121 1.46121 1.46121 1.46121
ZE(H-Ol—Og) © 102.71 102.71 102.71 102.71 102.71
/(01-09-F) ° 105.43 105.43 105.43 105.43 105.43
A, MHz 51697.4  50772.3 50173.0 46875.2 46192.9
B, MHz 10783.5 10233.1 10279.6 10277.8  9789.7
C. MHz 9186.8 8759.6 8982.7  8870.3 8489.5
Ro(H-O4) A 0.96625  0.96623 0.96822 0.96807  0.96806
Ro(01-02) A 1.37902 1.37878 1.37825 1.37810 1.37786
Ro(O2-F) A 1.46798 1.46801 1.46847 1.46827 1.46829
£o(H-01-03) ° 102.90 102.91 102.80 102.80 102.81
£0(01-05-F) ° 105.42 105.42 105.44 105.44 105.44
Ap MHz 51485.8  50567.3 49998.2 46719.4  46038.6
By MHz 10698.3 10152.7 10195.3 10195.8  9712.2
Co MHz 9095.1 8673.1 8894.3  8784.6 8408.4
Ay MHz 51381.0  50468.0 49788.9  46537.5 45865.2
By MHz 10688.8 10144.8 10185.2 10185.7  9703.4
C1 MHz 9093.5 8672.4 8890.0  8780.5 8405.3
Ay MHz 51406.8  50497.0 50170.6 46828.5 46130.0
B MHz 10670.9 10125.1 10172.3 10174.7  9690.4
Co MHz 9082.2 8659.7 8886.2  8778.2 8401.0
As MHz 51255.7  50387.5 49639.3 46420.0  45793.3
Bs MHz 10652.5 10107.1 10150.1 10150.5 9668.5
Cs MHz 9072.6 8652.6 8874.3  8763.3 8389.1
Ay MHz 51193.3  50245.3 49681.1 46437.0  45738.1
By MHz 10629.1 10089.1 10127.8 10131.4  9652.2
Cy MHz 9015.3 8595.4 8811.4  8709.0 8334.7
As MHz 51414.7  50455.6 50375.0 47076.5 46386.9
Bs MHz 10703.4 10162.3 10144.6 10145.8  9668.0
Cs MHz 9075.8 8658.7 8837.7  8727.1 8356.2
Ag MHz 51839.9  50940.5 49984.9  46705.2 46009.7
Bg MHz 10675.1 10126.1 10222.6  10223.0  9735.5
Cs MHz 9047.6 8626.5 8889.7  8778.4 8402.0
Ay kHz 14.730 13.256 13.871 13.613 12.277
Ak MHz 1.127 1.092 970.104 860.606  830.384
Ajk kHz  -0.000 -0.000 -0.000 -0.000 -0.000
oy kHz  3.066 2.693 2.659 2.787 2.439
0K kHz  47.391 43.568 25.511 27.070 24.310
D mHz  15.547 13.538 21.446 21.121 17.049
D Hz 83.469 78.894 63.441 53.915 50.313
Drr mHz 110.812  98.804 -55.867  -63.370 -59.328
Dr s Hz -13.368 -12.335 -10.161  -8.930 -8.195
oF mHz  9.551 8.062 11.743 11.766 9.428
bjk mHz  -49.231 -42.761 87.164  61.721 37.643
Ok Hz 13.433 12.269 8.646 8.035 6.723
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APPENDIX C

Supporting information for Chapter 5: “Computing Accurate Rovibrational
Spectral Data for Relevant Aluminum-bearing Species in Interstellar and

Atmospheric Chemistry”

Table C1: Harmonic frequencies (in cm™!) and zero-point (ZPT) energies for AlH,
AlO™ and AlO.

AlH AlIO~ AlO
Level of Theory w ZPT w ZPT w ZPT
aTZ 1665.3 826.9 931.6 2.7 955.5 487.5
aCTZ 1663.0 826.0 940.2 1.8 953.4 478.8
awCTZ 1668.0 828.5 948.8 0.9 960.8 481.3
F12-TZ 1688.5 838.2 955.2 0.2 980.3 491.5
F12-TcC 1688.3 838.9 950.9 0.6 981.4 491.5
F12-TZR 1687.2 837.3 951.0 0.6 981.2 495.3
F12-TcCR 1686.9 837.3 945.2 1.2 981.7 493.4
F12-TcCR+TZ 1686.9 836.8 958.5 0.2 981.7 492.2
Split basis TcC 1688.5 838.2 977.6 2.2 981.3 494.6
Split basis TcCR 1687.2 837.2 954.5 0.3 980.4 491.3
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Table C2: Spectroscopic constants (MHz) and dipole moment (D) for AIH.

Const. aTZ aCTZ awCTZ F12—-T7Z F12—TcC
B, 189027.9 190497.6 191605.1 191040.5 1921494
By 186333.4 187788.6 188761.9 188294.2 189360.6
B, 180944.4 182370.7 183075.5 182801.6 183783.1
D, 10.843 11.128 11.256 10.886 11.080

Dipole 0.09

F12—TZR F12—TcCR F12—TcCR+TZ Split basis TcC  Split basis TcCR
191040.5 192149.4 1921494 191040.5 191040.5
188292.0 189357.0 189285.2 188289.2 188294.2
182794.8 183772.2 183556.9 182786.5 182801.6

10.904 11.098 11.098 10.904 10.886

Table C3: Spectroscopic constants (MHz) and dipole moment (D) for A10

Const. aTZ aCTZ awCTZ F12-TZ F12-TcC F12-TZR
B, 18661.2 18906.1 19041.9 19046.7 19182.5  19052.7
By 18609.9 18832.6 18963.3 18973.4 19106.5 18986.4
B, 18507.5 18685.7 18805.9 18826.7 18954.4  18853.9
D, 31.686 33.095 33.294 32.007  32.621 31.981
H, 32.091 2.474 —4.742 1.131 —1.389 11.352
Dipole 4.42

F12-TcCR F12-TcCR+TZ Split Basis TcC Split Basis TcCR

19188.8 19188.8 19055.1 19048.8

19117.7 19115.2 18988.8 18975.4

18975.3 18968.0 18856.0 18828.5

32.639 32.639 31.986 32.014

5.852 2.232 11.236 0.984

Const. Units aTZ aCTZ awCTZ F12-TZ F12-TcC

B, MHz 18245.5 18497.1 18623.0 18576.8 18732.6

By MHz 18173.8 18424.1 18549.5 18504.5 18659.2

B, MHz 18030.4 18278.2 18402.6 18359.9 18512.4

D, kHz 30.491 31.180 31.257 30.620 30.978
Dipole D 1.34
Const. Units F12-TZR F12-TcCR F12-TcCR+TZ Split Basis TcC  Split Basis TcCR
B, MHz 18576.8 18732.6 18732.6 19048.3 18579.0

By MHz 18504.3 18658.6 18657.3 18974.4 18506.5

B, MHz 18359.1 18510.4 18506.5 18826.7 18361.4

D, kHz 30.758 31.121 31.121 32.003 30.760

Table C4: Spectroscopic rotational constants (MHz), centrifugal distortion constants
(kHz), and dipole moment (D) for AlIO~
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Table C5: Rotational spectral constants for AlO;

Const. Units aTZ aCTZ awCTZ F12—-TZ
B, MHz 5793.7 5869.3 5906.6 5887.8
By MHz 5779.3 5855.0 5892.1 5873.6
By MHz 5747.9 5823.1 5860.1 5842.0
By MHz 5762.2 5837.7 5874.7 5856.5
B3 MHz 5789.0 5865.2 5902.3 5883.8
D, kHz 1.428 1.459 1.463 1.433
H, 1Hz 9.725 9.804 7.871 12.012

F12—TcC F12—-TZR F12—TcCR F12—TcCR+TZ Split Basis TcC

5941.4 5887.8 5941.4 5941.4 5888.5

5924.6 5873.6 5926.0 5927.2 5874.3

5892.3 5841.9 5894.4 5894.5 5842.7

5905.7 5856.3 5908.8 5909.4 5857.2

5933.2 5883.7 5935.0 5938.3 5884.5

1.450 10.324 1.456 1.456 1.433

—49.637 1.439 19.558 —6.619 11.096

Table C6: Harmonic vibrational frequencies and zero-point energies (in cm™') for

AlO;
Mode Symm. aTZ aCTZ awCTZ F12-TZ F12-TcC
w1 a1 1086.9 1080.1 1057.9 1116.4
wa bo 736.8 733.4 697.0 756.9
w3 a1 661.5 659.8 692.8 687.4
Wy ay 535.5 535.0 390.7 546.9
ws b1 270.1 276.7 284.5 271.1
we bo 258.3 264.4 275.6 260.0
ZPT 1769.1 1663.1 1652.4 1829.2
F12-TZR F12-TcCR F12-TcCR+TZ Split Basis TcC Split Basis TcCR
1104.4 11141 1114.1 1106.8 1057.8
751.5 756.5 756.5 751.9 769.3
678.6 685.6 685.7 680.4 723.3
545.6 547.6 547.6 545.0 544.0
270.1 271.4 271.4 269.8 292.6
258.9 260.4 260.4 258.7 284.9
1785.0 2635.9 1809.7 1836.2 1806.4
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Table C7: Equilibrium, ground, and vibrationally-excited rotational constants for
AlO3

Const. Units aTZ aCTZ awCT7Z F12-TZ F12-TcC
A, MHz 23630.6 23664.6 20952.8 23921.8 23985.6
B, MHz 4460.8 4497.3 4606.1 4539.2 4588.1
C. MHz 3752.4 3779.1 3776.0 3815.3 3851.4
Ap MHz 23452.2 23484.6 20596.1 23747.9 23796.3
By MHz 4453.3 4489.0 4606.6 4531.8 4582.5
Cy MHz 3737.1 3763.0 3758.2 3800.0 3836.8
Aq MHz 23430.1 23462.4 20553.6 23725.5 23772.3
B, MHz 4432.5 4467.7 4585.0 4510.7 4561.4
Cy MHz 3722.0 3747.6 3742.6 3784.8 3821.6
Ay MHz 23295.9 23324.4 20503.4 23598.0 23647.9
By MHz 4449.4 4485.0 4598.5 4527.5 4578.3
Cy MHz 3730.1 3755.8 3750.5 3792.8 3829.8
Asg MHz 23565.7 23599.2 20681.7 23860.3 23906.6
Bs MHz 4436.7 4471.9 4588.7 4514.9 4565.9
Cs MHz 3723.1 3748.6 3749.0 3785.8 3822.8
Ay MHz 23177.0 23212.3 19938.6 23474.5 23513.7
By MHz 4464.6 4500.2 4640.7 4543.3 4595.3
Cy MHz 3734.0 3759.9 3746.2 3796.9 3834.3
As MHz 23385.6 23415.4 20552.1 23681.1 23719.1
Bs MHz 4456.7 4492.4 4609.3 4535.7 4587.0
Cs MHz 3744.3 3770.2 3765.3 3807.6 3844.7
Ag MHz 23501.8 23534.2 20633.4 23800.4 23839.5
Bg MHz 4464.5 4500.2 4618.6 4543.5 4595.8
Cs MHz 3738.3 3764.0 3759.9 3801.3 3838.9
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Table C8: Equilibrium, ground, and vibrationally-excited rotational constants for
AlO3 cont.

Const. Units F12-TZR F12-TcCR F12-TcCR+TZ Split Basis TcC Split Basis TcCR

A, MHz 23921.8 23985.6 23985.5 23926.3 24095.2
B. MHz 4539.2 4588.1 4588.1 4539.7 4520.1
C. MHz 3815.3 3851.4 3851.4 3815.7 3806.1
Ag MHz 23750.6 23853.0 23810.8 23751.8 23957.1
By MHz 4531.7 4584.5 4580.5 4532.3 4516.9
Co MHz 3799.9 3839.7 3835.8 3800.4 3792.1
Ay MHz 23727.7 23840.9 23787.7 23729.3 23912.5
B MHz 4510.7 4563.3 4558.7 4511.3 4496.2
Ch MHz 3784.8 3824.7 3820.1 3785.3 3776.6
Ao MHz 23597.6 23715.0 23662.0 23601.9 24045.9
By MHz 4527.6 4580.8 4575.9 4528.1 4501.9
Cs MHz 3792.8 3833.2 3828.4 3793.3 3785.9
As MHz 23865.9 23981.5 23923.2 23863.6 23822.2
B3 MHz 4514.7 4568.2 4562.9 4515.5 4511.0
Cs MHz 3785.7 3826.3 3821.1 3786.2 3783.3
Ay MHz 23480.9 23598.8 23536.4 23478.0 23676.8
By MHz 4543.0 4596.2 4592.3 4543.8 4528.2
Cy MHz 3796.9 3837.2 3832.8 3797.4 3784.1
As MHz 23683.8 23793.3 23743.5 23684.8 23948.3
Bs MHz 4535.7 4590.5 4585.0 4536.3 4518.8
Cs MHz 3807.7 3849.0 3843.9 3808.1 3802.6
Ag MHz 23805.3 23923.2 23862.5 23803.7 24060.4
Bs MHz 4543.3 4601.2 4592.9 4544.2 4539.1
Cs MHz 3801.2 3844.8 3837.4 3801.8 3792.0
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Table C9: A- and S-reduced Hamiltonian spectroscopic constants for Al1O3

Const Units aTZ aCTZ awCTZ F12-TZ F12-TcC
Ay Hz 748.365 773.707 891.309 754.697 767.414
Ag kHz 135.560 136.011 206.947 135.561 135.711
Ak kHz 17.207 17.317 13.192 17.919 18.109
o7 Hz 135.122 139.932 198.191 136.957 140.335
O kHz 11.257 11.350 9.745 11.635 11.775
D uHz 87.305 86.810 480.381 90.241 119.631
Dr Hz 13.942 13.883 25.538 13.872 13.819
D mHz 171.443 169.895 94.074 184.110 193.105
Dy Hz 1.376 1.429 2.295 1.374 1.312
0; uHz 120.517 125.940 322.309 121.535 133.993
ik mHz 88.863 88.184 53.807 95.192 100.125
038 Hz 3.072 3.043 2.414 3.193 3.204
Dy Hz 646.263 669.341 770.661 648.042 657.695
Dk kHz 17.820 17.943 13.916 18.559 18.767
Dy kHz 135.050 135.489 206.344 135.028 135.163
dy Hz —135.122 —139.932 —198.191 —136.957 —140.335
ds Hz —51.051 —52.183 —60.324 —53.327 —54.860
Hj uHz —713.651 —1720.060 —219.685 —773.782 —804.342
Hjx mHz 87.200 85.287 9.076 95.603 103.087
Hy g Hz 1.668 1.723 2.589 1.682 1.626
Hy Hz 13.735 13.674 25.330 13.653 13.596
h1 uHz 19.556 23.127 184.264 14.183 22.689
ho uHz 400.478 403.435 350.033 432.011 461.987
hs uHz 100.962 102.813 138.045 107.352 111.305
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Table C10: A- and S-reduced Hamiltonian spectroscopic constants for Al1O3 cont.

Const. Units F12-TZR F12-TcCR F12-TcCR+TZ Split Basis TcC  Split Basis TcCR
Ay Hz 757.112 769.909 769.887 754.722 786.810
Ax kHz 134.485 134.628 134.616 135.599 83.411
Ak kHz 18.152 18.341 18.355 17.919 72.387
0y Hz 137.263 140.657 140.654 136.947 143.223
O kHz 11.750 11.889 11.896 11.635 23.784
3, iz 91.535  124.481 90.738 89.764  —1.333 (mMZ)
P Hz 13.677 13.718 13.616 13.882 16.298
i mHz 186.613 204.450 193.028 184.622 1.367 (Hz)
Dy s Hz 1.400 1.419 1.363 1.369 ~1.743
?; uHz 122.519 133.390 125.282 121.359 —172.278
bjk mHz 96.483 105.641 99.754 95.441 631.359
Ok Hz 3.229 3.280 3.239 3.193 8.260
Dy Hz 649.409 659.127 659.037 648.087 573.814
Dk kHz 18.799 19.005 19.020 18.559 73.665
Dk kHz 133.947 134.074 134.062 135.066 82.346
dy Hz —137.263 —140.657 —140.654 —136.947 —143.223
ds Hz —53.851 —55.391 —55.425 —53.317 —106.498
Hy pHz  —783.148 —849.823 —828.491 —776.400 —6.401 (mHz)
Hjyx mHz 97.004 112.422 101.821 96.147 1.138 (Hz)
Hy s Hz 1.712 1.740 1.681 1.677  —904.879 (mHz)
Hy Hz 13.456 13.490 13.390 13.663 15.693
hy uHz 13.831 19.393 12.625 14.048 —462.340
ho uHz 437.341 487.152 459.615 433.082 2.534 (mHZ)
hs uHz 108.688 113.998 112.657 107.311 290.061

241



Table C11: Spectroscopic Constants of AlHj

Const. Units aTZ aCTZ awCTZ F12-TZ F12-TcC
A, MHz 132971.1 134298.7 134955.2 133833.5 135026.8
C. MHz 66485.6 67149.4 67477.6 66916.7 67513.4
Ay MHz 131553.4 132865.1 133444.3 132407.7 134772.5
Co MHz 65605.9 66257.2 66547.9 66034.4 66540.9
Ay MHz 130526.0 131823.6 132363.4 131377.0 133731.5
C1 MHz 65091.9 65736.1 66007.1 65518.7 66020.0
Ay MHz 130792.9 132093.2 132666.0 131652.2 134020.9
Co MHz 65907.4 66567.9 66858.5 66346.7 66864.1
Asg MHz 130607.6 131919.6 132447.1 131458.1 133824.1
Cs MHz 64620.0 65259.0 65523.7 65043.5 66128.0
Ay MHz 131975.3 133283.7 133860.1 132824.7 136362.7
Cy MHz 65818.2 66468.3 66757.5 66244.7 66080.1
D; MHz 6.342 6.467 6.468 6.338 6.433
Dk MHz —11.283 —11.501 —11.496 —11.275 —11.440
Dy MHz 5.291 5.392 5.388 5.287 5.364
dq Hz —32.285 —32.613 —33.854 —32.026 —37.416
do Hz 158.395 161.410 164.255 158.379 784.463
Hj kHz 0.894 0.917 0.910 0.885 1.368
Hjx kHz —3.323 —3.411 —3.385 —3.292 —4.659
Hyy kHz 3.974 4.081 4.051 3.939 5.219
Hy kHz —1.543 —1.585 —1.574 —1.530 —1.929
hy Hz 0.041 0.042 0.021 0.088 —232.077
ho mHz —24.581 —27.979 —29.201 —20.386 —1729.895
hs Hz —56.372 —55.850 —54.639 —52.839 —51.767
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Table C12: Spectroscopic Constants of AlHs cont.

Const. Units F12-TZR F12-TcCR F12-TcCR+TZ Split Basis TcC Split Basis TcCR

A, MHz 133833.5  135026.8 135026.8 133833.5 133833.5
Ce MHz  66916.7 67513.4 67513.4 66916.7 66916.7
Ao MHz 132400.2  133576.6 133570.1 132407.4 133542.9
Co MHz  66029.8 66613.4 66612.7 66034.4 65940.3
Ay MHz 131366.3  132524.3 132499.6 131376.7 132509.4
Ci MHz  65512.5 66086.8 66077.1 65518.7 65423.2
As MHz 131641.7  132807.1 132827.8 131651.9 132784.9
Cy MHz  66340.6 66927.4 66940.2 66346.6 66251.3
As MHz 1314489  132620.3 132579.2 131457.5 132590.6
Cs MHz  65037.1 65609.1 65593.8 65043.3 65529.4
Ay MHz 132814.5  133993.4 134010.7 132824.4 135100.2
Cy MHz  66238.7 66824.0 66834.9 66244.7 65477.7
D, MHz 6.327 6.421 6.421 6.338 6.327

Dk MHz  —11.250 —11.414 —11.414 —11.275 —11.250
Dy MHz 5.274 5.350 5.350 5.287 5.274

dy Hz —20.657  —133.708 —520.197 —31.393 —22.221
do Hz 98.918 438.198 528.413 151.612 376.035
H;y kHz 0.881 1.356 1.364 885.251 881.100
Hji kHz —3.274 —4.623 —4.641 —-3.292 —3.276

Hygy kHz 3.917 5.181 5.196 3.939 3.918

Hg kHz —1.521 —1.916 —-1.919 —1.530 —1.522

h1 Hz 0.019 —226.770 —228.453 0.026 0.468

ha mHz  —91.688  —322.341 —95.157 —25.965 —166.770
hs Hz —52.400 —53.248 —54.900 —52.816 —52.652

243



Table C13: Harmonic vibrational frequencies and zero-point energies (in cm™!) for

AINH,

Mode Symm. aTZ aCTZ awCTZ F12-TZ F12-TcC
w1 bo 3663.9 3668.9 3671.1 3673.6  3681.1
wa ai 3574.1 3578.6 3581.0 3582.7  3589.6
w3 bo 1948.6 1953.6 1960.8 1961.2  1971.8
wy ax 1943.6 1949.3 1956.3 1957.5  1967.8
ws a1 1581.6 1582.6 1584.3 1582.0  1582.5
we a1 824.8 832.6 836.7 836.9 842.9
wy ax 752.1 757.0 760.2 757.2 762.7
ws bo 729.6 730.4 732.3 732.6 736.5
wy b1 619.1 618.7 619.2 614.4 617.7
w1g as 497.2 497.7 499.6 495.0 498.3
w11 b1 439.4 449.1 457.0 448.9 456.7
w12 bo 424.6 425.3 426.2 426.0 428.3

ZPT 8393.5 8417.3 8432.1 8426.7  8495.6

F12-TZR F12-TcCR F12-TcCR+TZ Split Basis TcC Split Basis TcCR
3672.3 3679.9 3679.8 3673.9 3672.7
3580.9 3587.8 3587.8 3583.1 3581.3
1958.8 1969.4 1969.3 1961.2 1958.7
1955.1 1965.4 1965.4 1957.5 1955.1
1581.9 1582.4 1582.4 1582.1 1582.0

835.9 841.9 841.9 836.9 835.9

758.0 763.8 763.6 757.2 758.0

733.8 737.8 737.7 732.6 733.8

616.1 619.5 619.3 614.3 616.1

495.6 499.6 498.8 495.0 495.5

445.2 453.3 453.3 448.7 445.0

427.8 430.5 430.0 426.0 427.8

8438.6 7605.3 8455.9 8439.0 8433.6
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Table C14: Equilibrium, ground, and vibrationally-excited rotational constants for
AINH,

Const. Units aTZ aCTZ awCTZ F12-TZ F12-TcC
A, MHz 94884.7 95576.3 95954.9 95478.0 96110.8
B, MHz 12933.0 13080.2 13145.8 13074.1 13194.3
C, MHz 11381.7 11505.6 11561.8 11499.5 11601.6
Ap MHz 94520.7 95218.3 95550.5 95063.4 95674.0
By MHz 12870.8 13018.8 13082.5 13015.9 13143.5
Cy MHz 11310.5 11434.6 11488.4 11430.3 11537.5
Ay MHz 94271.0 94964.8 95293.2 94810.9 95418.4
By MHz 12849.4 12997.0 13060.5 12994.8 13122.5
& MHz 11292.5 11416.2 11469.8 11412.4 11519.6
Ay MHz 94098.3 94791.9 95119.6 94636.2 95242.0
By MHz 12854.0 13001.8 13065.4 12999.7 13127.5
Cy MHz 11291.5 11415.4 11469.0 11411.7 11518.9
Az MHz 93917.3 94607.5 94896.5 94432.0 95039.0
Bs MHz 12863.3 13011.5 13075.6 13009.2 13136.7
Cs MHz 11298.1 11422.4 11475.9 11418.4 11525.5
Ay MHz 93690.1 94376.4 94673.7 94214.4 94816.2
By MHz 12866.8 13015.3 13079.1 13012.7 13140.6
Cy MHz 11295.9 11419.9 11473.2 11415.5 11522.8
As MHz 94913.4 95616.8 95951.7 95437.2 96056.3
Bs MHz 12887.3 13035.9 13099.3 13034.3 13162.7
Cs MHz 11300.4 11424.4 11477.7 11420.7 11528.1
Ag MHz 94681.6 95382.8 95721.2 95225.0 95832.1
Bg MHz 12837.7 12985.5 13050.5 12981.6 13109.4
Cs MHz 11249.9 11373.6 11427.4 11369.6 11477.2
Ay MHz 95066.3 95753.2 96064.0 95582.9 96191.6
By MHz 12871.0 13018.9 13082.1 13017.0 13146.4
Cs MHz 11322.3 11443.0 11496.4 11441.5 11547.8
Ag MHz 96994.5 97762.8 98124.8 97565.3 98225.5
Bsg MHz 12907.2 13055.6 13118.4 13052.9 13181.4
Cs MHz 11277.6 11404.5 11457.1 11398.1 11507.4
Ag MHz 93380.1 94051.3 94388.4 93906.7 94485.5
By MHz 12834.1 12982.4 13045.8 12981.3 13110.9
Cy MHz 11323.9 11448.5 11502.6 11444.5 11552.9
A1 MHz 94170.3 94869.6 95197.3 94707.2 95307.0
Big MHz 12831.6 12979.9 13042.9 12976.9 13107.4
Cho MHz 11312.7 11437.2 11490.7 11433.0 11542.4
A MHz 92709.7 93381.6 93679.4 93227.5 93793.6
B MHz 12829.3 12977.7 13039.8 12975.5 13106.1
C11 MHz 11308.4 11433.2 11485.8 11429.2 11538.5
Aio MHz 95627.7 96345.5 96687.3 96185.9 96807.0
Bio MHz 12892.7 13040.8 13103.8 13038.4 13169.3
Ca MHz 11310.8 11435.2 11488.4 11430.9 11540.8
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Table C15: Equilibrium, ground, and vibrationally-excited rotational constants for
AINH, cont.

Const. Units F12-TZR F12-TcCR F12-TcCR+TZ Split Basis TcC Split Basis TcCR

A MHz 95478.0 96110.8 96110.8 95481.8 95481.8
B, MHz 13074.1 13194.3 13194.3 13075.0 13075.0
C. MHz 11499.5 11601.6 11601.6 11500.2 11500.2
Ao MHz 95049.0 95697.1 95698.0 95068.2 95053.0
By MHz 13015.2 13101.9 13135.0 13016.6 13016.2
Co MHz 11429.9 11506.0 11531.6 11431.0 11430.8
Ay MHz 94795.7 95445.2 95440.0 94816.0 94799.8
By MHz 12994.1 13079.1 13113.6 12995.5 12995.1
Ch MHz 11412.0 11486.8 11513.4 11413.1 11412.9
As MHz 94620.3 95266.6 95262.4 94641.2 94624.3
By MHz 12999.0 13084.1 13118.6 13000.4 13000.0
Cs MHz 11411.3 11486.1 11512.7 11412.3 11412.1
As MHz 94418.3 95069.4 95041.1 94436.9 94422.1
B3 MHz 13008.5 13092.4 13128.0 13009.9 13009.5
Cs MHz 11418.0 11492.0 11519.1 11419.1 11418.9
Ay MHz 94200.9 94840.3 94825.2 94219.3 94204.9
By MHz 13012.0 13096.4 13131.6 13013.4 13013.0
Cy MHz 11415.1 11489.3 11516.3 11416.1 11416.0
As MHz 95419.7 96064.7 96075.6 95442.1 95423.5
Bs MHz 13033.6 13118.8 13153.8 13035.0 13034.6
Cs MHz 11420.3 11494.7 11521.9 11421.4 11421.2
Ae MHz 95220.8 95847.1 95869.7 95229.9 95224.3
Bg MHz 12983.1 13063.8 13099.8 12982.3 12984.1
Cs MHz 11369.6 11440.8 11469.1 11370.2 11370.4
Az MHz 95558.0 96214.8 96225.3 95588.2 95561.9
By MHz 13015.3 13097.9 13135.1 13017.8 13016.3
Cy MHz 11442.1 11512.8 11541.7 11442.1 11442.9
Ag MHz 97531.3 98233.9 98230.1 97569.7 97534.8
Bs MHz 13051.8 13131.1 13172.4 13053.6 13052.9
Cg MHz 11396.0 11468.1 11499.9 11398.8 11396.9
Ag MHz 93888.3 94486.8 94541.9 93910.9 93891.5
By MHz 12978.9 13061.7 13099.2 12982.0 12980.0
Cy MHz 11444.0 11516.6 11546.3 11445.1 11444.9
Ao MHz 94689.8 95342.0 95339.8 94712.3 94694.4
Bip MHz 12976.6 13055.0 13096.4 12977.7 12977.5
Cho MHz 11432.7 11502.6 11534.6 11433.7 11433.4
A1q MHz 93224.5 93880.0 93858.0 93233.5 93230.1
B MHz 12974.4 13044.3 13095.0 12976.1 12975.4
C11 MHz 11428.6 11492.2 11531.2 11429.7 11429.5
Ao MHz 96162.2 96846.9 96841.9 96191.2 96166.1
Bis MHz 13037.2 13112.8 13157.3 13039.1 13038.4
Ci2 MHz 11430.5 11498.5 11532.7 11431.6 11431.4
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Table C16: A- and S-reduced Hamiltonian spectroscopic constants for AINH,4

Const Units aTZ aCTZ awCTZ F12-TZ F12-TcC
Ay kHz 12.023 12.245 12.344 12.151 12.290
Ag MHz 1.616 1.633 1.639 1.630 1.640
Ak kHz 190.774 192.663 194.322 192.296 193.450
o7 kHz 1.589 1.628 1.644 1.621 1.643
Ok kHz 138.309 140.377 141.733 140.576 141.516
D mHz 2.654 2.902 2.890 2.957 3.743
Dr Hz 122.012 122.338 121.747 122.502 122.215
D Hz 2.193 2.231 2.261 2.262 2.295
Dy Hz —8.833 —8.660 —8.697 —9.068 —8.707
0; mHz 2.521 2.630 2.656 2.639 2.822
ik Hz 1.152 1.172 1.188 1.189 1.212
038 Hz 80.109 81.269 82.375 81.820 82.115
Dy kHz 11.375 11.582 11.673 11.486 11.617
Dk kHz 194.665 196.644 198.350 196.288 197.488
Dy MHz 1.613 1.630 1.636 1.627 1.637
dy kHz —1.589 —1.628 —1.644 —1.621 —1.643
ds Hz —324.206 —331.759 —335.671 —332.607 —336.553
Hj mHz —3.929 —3.867 —3.981 —3.890 —3.261
Hjx mHz 834.508 842.004 850.634 863.605 885.769
Hy g Hz —4.207 —3.930 —3.891 —4.303 —3.904
Hg Hz 118.751 119.003 118.359 119.143 118.829
h1 mHz 1.702 1.785 1.797 1.787 1.959
ho mHz 3.291 3.384 3.435 3.423 3.502
hs uHz 818.983 844.433 859.700 851.555 862.934
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Table C17: A- and S-reduced Hamiltonian spectroscopic constants for AINH, cont.

Const. Units F12-TZR F12-TcCR F12-TcCR+TZ Split Basis TcC Split Basis TcCR
Ay kHz 12.190 12.329 12.330 12.152 12.191
Ak MHz 1.632 1.642 1.642 1.630 1.632
Ajg kHz 187.437 188.192 188.785 192.313 187.446
oy kHz 1.625 1.646 1.646 1.621 1.625
Ok kHz 138.077 138.788 139.108 140.591 138.088
Dy mHz 2.938 605.624 (uHz) 2.387 2.956 2.940
Dy Hz 121.375 118.794 122.668 122.542 121.405
Dk Hz 2.188 1.902 2.211 2.262 2.191
Dp g Hz —9.723 —7.558 —9.228 —9.057 —9.750
o} mHz 2.626 2.238 2.561 2.638 2.625
ik Hz 1.150 995.189 (mHz) 1.160 1.189 1.151
Ok Hz 79.539 78.562 79.746 81.836 79.554
Dy kHz 11.536 11.668 11.668 11.486 11.537
Dk kHz 191.357 192.153 192.755 196.305 191.367
Dg MHz 1.628 1.638 1.638 1.627 1.629
dy kHz —1.625 —1.646 —1.646 —1.621 —1.625
do Hz  —326.695 —330.065 —330.826 —332.661 —326.740
Hjy mHz —3.748 —5.392 —4.391 —3.890 —3.752
Hj;x  mHz  832.206 549.541 845.026 862.783 834.471
Hgy Hz —5.103 —2.960 —4.572 —4.292 —5.129
Hg Hz 118.118 115.554 119.386 119.182 118.147
h1 mHz 1.800 1.412 1.724 1.786 1.799
ha mHz 3.343 2.999 3.389 3.423 3.346
hs 1Hz 825.752 825.514 836.401 851.799 825.978
0.000
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Table C18: Harmonic and anharmonic vibrational frequencies (in cm™') and IR
intensities (in parentheses in km mol™! computed at BSLYP/aTZ) for HA1O,

Mode  Symm. Desc. aTZ aCTZ awCTZ F12-TZ
w1 ai S(AIH) 2049.7 (63) 2053.3 2061.3 2057.1
wo ax SS (AlO) 923.0 (51) 931.0 937.7 943.2
w3 bo AS (AlO)  758.0 (24) 768.2 774.8 777.9
wy ay S (00) 512.6 (24) 516.4 519.3 525.0
ws bo Bend (HAIO) 521.7 (86) 521.2 522.6 520.9
we by OPB (HAIO) 487.5 (138) 484.9 482.2 477.1
1 ay S(AIH) 1987.1 1990.7 1995.4 1994.8
vy ay SS (AlO) 905.9 912.3 918.6 929.2
V3 bo AS (AlO) 750.9 762.4 767.6 772.1
vy ay S (00) 494.8 496.2 499.7 511.9
vs bo Bend (HAIO) 521.8 520.6 522.5 524.4
Vg by OPB (HAIO) 487.2 481.4 479.4 480.6

Mode F12-TcC F12-TZR  F12-TcCR F12-TcCR+TZ Split Basis TcC Split Basis TcCR
w1 2069.4 2055.8 2068.2 2068.2 2057.1 2055.8
wo 950.0 941.8 948.5 948.5 943.3 941.9
w3 784.9 776.2 783.2 783.2 777.9 776.2
wy 526.7 526.5 528.2 528.2 525.2 526.7
ws 523.3 523.1 525.6 525.6 521.0 523.2
we 479.3 478.3 480.5 480.5 477.1 478.2
1 2089.8 1996.0 2042.1 2005.3 1995.6 1993.6
Vs 940.5 934.8 935.3 926.5 928.2 921.2
V3 799.6 789.2 783.9 771.8 769.1 770.2
vy 510.9 529.3 534.0 508.2 514.4 508.4
Us 652.5 553.8 823.7 520.2 520.5 532.0
Vg 861.3 505.0 556.0 474.0 484.2 490.7

Mode Al=1 TcC Al=1 TcCR Al=2 TcC Al=2 TcCR Al=21 TcC Al=21 TcCR
w1 2069.6 2068.4 2068.9 2067.6 2057.6 2056.3
wo 949.0 947.6 948.2 946.8 943.4 942.0
w3 784.2 782.4 783.2 781.4 777.9 776.3
Wy 525.7 527.3 525.6 527.1 525.3 526.9
ws 523.4 525.7 523.3 525.6 520.6 522.8
we 478.9 480.1 478.9 480.0 477.5 478.6
1 2036.3 1991.1 2010.4 2018.2 1996.3 1986.1
Vo 972.8 865.0 922.6 962.4 928.2 898.7
V3 873.3 742.6 799.0 795.0 776.6 742.5
vy 612.7 466.3 530.5 569.7 515.3 476.9
vs 534.8 381.3 496.4 559.5 526.9 500.8
Vg 626.7 447.4 479.2 506.6 483.3 456.9
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Table C19: Rotational Spectroscopic Constants for HAIO, with A- and S-reduced
Hamiltonian spectroscopic constants

Const. Units atz actz awctz F12-TZ F12-TcC
A, MHz 22735.4 22829.5 22866.0 23033.5 23091.1
B, MHz 13132.5 13355.2 13459.7 13367.8 13519.3
C, MHz 8324.2 8426.0 8472.5 8458.7 8527.0
Ay MHz 22529.7 22625.9 22664.0 22838.3 22851.6
By MHz 13122.6 13344.9 13448.7 13356.0 13509.6
Cy MHz 8269.9 8371.1 8417.3 8404.8 8467.4
Aq MHz 22514.3 22610.8 22649.4 22824.2 22833.6
B, MHz 13090.7 13312.3 13414.9 13323.4 13476.8
Cy MHz 8255.1 8356.2 8402.0 8390.0 8452.0
Ay MHz 22458.6 22555.3 22592.8 22768.5 22775.3
B MHz 13073.7 13294.4 13398.1 13306.0 13457.5
Cy MHz 8242.3 8343.1 8389.2 8377.0 8438.0
As MHz 22630.9 22726.2 22763.0 22935.9 22927.6
B3 MHz 13055.1 13275.4 13378.7 13287.7 13442.9
Cs MHz 8269.7 8369.8 8415.7 8404.0 8464.2
Ay MHz 22562.1 22660.0 22698.9 22421.4 22425.3
By MHz 13142.9 13365.9 13469.8 13470.5 13625.9
Cy MHz 8312.0 8459.0 8548.6 8428.8 8515.5
As MHz 22098.5 22196.8 22236.6 22873.4 22876.1
Bs MHz 13244.5 13466.5 13569.7 13377.1 13529.6
Cs MHz 8150.2 8205.1 8207.8 8303.8 8338.6
Ag MHz 22502.5 22599.2 22639.1 22815.8 22792.6
Bg MHz 13108.9 13333.9 13439.1 13348.1 13505.4
Ce MHz 8281.6 8383.4 8429.9 8417.5 8476.7
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Table C20: A- and S-reduced Hamiltonian spectroscopic constants and dipole mo-

ment for HAIO,

Const. Units atz actz awctz F12-TZ F12-TcC
Ay kHz 10.005 10.320 10.405 10.064 10.282
Ax kHz 153.525 153.220 152.389 151.877 152.467
Aji kHz 5.119 4.826 4.565 5.429 4.751
07 kHz 3.432 3.553 3.589 3.452 3.541
Ok kHz 15.683 15.744 15.618 15.770 15.643
D mHz 29.708 31.151 31.642 29.131 29.573
(03 Hz -1.969 -1.945 -1.921 -1.769 -1.729
D mHz -388.824 -400.902 -405.642 -372.292 -367.842
Pry Hz 1.599 1.617 1.617 1.522 1.387
oy mHz 15.132 15.870 16.126 14.826 15.139
ik mHz -117.467 -121.197 -122.743 -111.697 -108.557
oy Hz 2.069 2.076 2.056 2.002 1.976
Dy kHz 8.435 8.695 8.769 8.468 8.664

Djk kHz 14.540 14.577 14.383 15.010 14.458
Dy kHz 145.674 145.095 144.207 143.893 144.378
dq kHz —3.432 —3.553 —3.589 —3.452 —3.541
ds Hz —1785.047 —812.520 —818.182 —798.414 —808.909
D, 1Hz 0.000 0.000 0.000 0.000 0.000
H; mHz 31.987 33.411 33.971 31.033 30.944

Hjx mHz —920.472 —948.013 —955.195 —888.861 —882.541

Hyg g Hz 3.337 3.407 3.413 3.216 3.082
Hyg Hz —3.178 —3.190 -3.171 —2.948 —2.911
hy mHz 8.650 8.986 9.111 8.432 8.591
ho mHz —1.140 —1.130 —1.164 —-0.951 —0.685
hs mHz 6.482 6.884 7.014 6.394 6.548
H, 1Hz 0.000 0.000 0.000 0.000 0.000

Dipole D 4.55
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Table C21: Equilibrium, ground, and vibrationally-excited rotational constants
HAIO;, cont.

Const. Units F12-TZR F12-TcCR F12-TcCR+TZ Split Basis TcC Split Basis TcCR

Ae MHz  23033.5 23091.1 23091.1 23038.2 23038.2
B, MHz  13367.8 13519.3 13519.3 13368.8 13368.8
C. MHz 8458.7 8527.0 8527.0 8459.7 8459.7
Ap MHz  22835.0 22898.1 22898.0 22843.5 22844.6
By MHz  13354.6 13503.7 13506.2 13357.0 13355.9
Co MHz 8403.8 8471.4 8472.3 8405.9 8405.6
Ay MHz  22819.9 22880.3 22883.4 228294 22830.4
By MHz  13321.9 13470.3 13472.2 13324.4 13323.0
Cy MHz 8388.8 8455.8 8456.9 8391.1 8390.7
Ag MHz  22763.7 22827.2 22828.3 22773.9 22774.4
By MHz  13304.2 13453.1 13453.4 13307.0 13305.6
Cs MHz 8375.6 8443.3 8443.6 8378.2 8377.7
As MHz  22930.1 23003.9 22996.6 229414 22942.5
B3 MHz  13286.2 13431.6 13434.4 13288.7 13287.0
Cs MHz 8403.0 8470.5 8470.6 8405.1 8405.1
Ay MHz  22419.3 22493.2 22484.1 22427.2 224314
By MHz  13468.0 13617.1 13622.7 13471.4 13469.4
Cy MHz 8449.3 8559.6 8561.2 8429.1 8450.5
As MHz  22869.5 22933.0 22933.4 22878.9 22880.1
Bs MHz  13374.8 13525.3 13528.6 13378.1 13377.0
Cs MHz 8280.3 8305.9 8306.7 8305.8 8283.7
Ag MHz  22810.7 22865.2 22876.0 22820.9 22821.6
Bg MHz  13346.4 13493.5 13499.2 13349.2 13347.5
Cs MHz 8416.1 8481.9 8485.7 8418.6 8418.0
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Table C22: A- and S-reduced Hamiltonian spectroscopic constants and dipole mo-
ment for HAIO, cont.

Const.  Units

F12-TZR F12-TcCR F12-TcCR+TZ Split Basis TcC Split Basis TcCR

Ay kHz 10.078 10.296 10.296 10.063 10.076
A kHz 150.442 151.018 151.025 151.874 150.438
Ajg kHz 5.767 5.099 5.093 5.450 5.789
0 kHz 3.457 3.546 3.547 3.451 3.456
0K kHz 15.968 15.846 15.843 15.779 15.977
d, mHz 28.723 29.794 30.291 29.128 28.933
Py Hz —1.739 —1.523 —1.762 —1.764 —1.733
®;x  mHz —363.458 —350.845 —390.942 —372.390 —367.481
Dy Hz 1.476 1.329 1.564 1.524 1.502
oy mHz 14.630 15.160 15.419 14.822 14.719
ik mHz —108.681 —100.962 —119.151 —111.771 —110.220
Pk Hz 1.982 1.939 2.001 2.002 1.986
D, kHz 8.461 8.657 8.657 8.466 8.459
D;x kHz 15.468 14.932 14.924 15.034 15.492
Dk kHz 142.358 142.824 142.832 143.888 142.352
dy kHz —3.457 —3.546 —3.547 —3.451 —3.456
da Hz  —808.420 —819.427 —819.278 —798.637 —808.635
D, wHz 0.000 0.000 0.000 0.000 0.000
H; mHz 30.399 30.532 32.660 31.042 30.755
H;x mHz —873.376 —851.081 —919.677 —888.827 —879.267
Hygy Hz 3.150 2.985 3.291 3.216 3.180
Hg Hz —2.905 —2.680 —2.962 —2.942 —2.902
hy mHz 8.303 8.750 8.767 8.432 8.381
ha mHz —837.906 —0.369 —1.184 —0.957 —0.911
hs mHz 6.327 6.410 6.652 6.389 6.337
H, nHz 0.000 0.000 0.000 0.000 0.000
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Mode Symm. Desc. aTZ aCTZ awCTZ F12-TZ

w1 a’ S (OH)  3922.5 (73) 3927.2 3930.7 3946.3
wo a’ (AIH) 1971.5 (176) 1977.3 1985.7 1984.7
wy S (AIH) 19410 (163)  1946.1 1954.5 1954.2
Wy a (AlO)  851.1 (160) 860.9 868.4 868.2
ws a’  Bend (HAIH) 767.2 (96) 773.5 778.5 774.8
we a’  Bend (HOAI) 674.9 (212) 666.6 666.3 665.0
w; o OPB (HAIH) 630.6 (224) 630.3 631.5 624.8
wg a’ Bend (HAIH) 492.9 (81) 493.9 495.9 494.0
wyg a7 (HOAI) 435.9 (104) 436.4 439.4 434.4
21 a S (OH) 3748 4 3753.8 3755.6 3769.5
V9 a S (AIH) 1907.3 1912.2 1917.6 1920.0
V3 a’ S (AIH) 1878.5 1883.2 1888.6 1892.1
vy a’ S (AlO) 839.9 848.3 855.2 858.9
vs a’  Bend (HAIH) 762.0 759.4 765.6 767.0
v o Bend (HOAl) 621.8 610.5 614.2 615.7
U7 a’  OPB ( (HAIH) 625.6 624.7 626.3 626.2
Vg a’  Bend (HAIH) 489.1 485.3 489.1 493.8
Vg a”’ 7 (HOAI) 405.9 405.2 408.9 412.6
ModeF12-TcC F12-TZR F12-TcCR F12-TcCR+TZSplit Basis TcCSplit Basis TcCR
wi;  3952.7 3943.4 3949.8 3949.8 3946.7 3943.8
wy  1995.7 1982.4 1993.3 1993.3 1984.7 1982.4
ws  1964.5 1951.8 1962.0 1962.0 1954.2 1951.8
wy 874.9 866.9 873.5 873.5 868.3 867.0
ws  780.7 775.6 781.5 781.5 774.8 775.7
wg  665.5 665.0 665.6 665.6 664.8 664.7
w7 628.7 626.4 630.2 630.2 624.8 626.4
wg  496.6 494.8 497.4 497.4 494.0 494.8
wg  437.7 431.2 434.6 434.6 434.4 431.3
vy 3784.4 3767.3 3725.5 3772.3 3769.0 3764.9
vy 1842.9 1914.5 1932.2 1926.0 1918.0 1914.0
vs 1801.5 1893.0 1802.4 1897.3 1890.0 1886.8
vy 6754 867.3 682.2 859.6 854.4 849.8
vs  616.3 780.4 559.5 766.4 761.9 760.5
vg  396.8 627.9 330.4 613.2 611.3 599.4
vy 460.4 636.7 328.1 627.7 621.1 616.3
vg  113.8 507.2 261.7 488.8 487.8 467.4
vg  332.2 416.3 -53.6 403.3 406.6 375.2

Table C23: Harmonic and anharmonic vibrational frequencies (in cm™') and IR
intensities (in parentheses in km mol™! computed at B3LYP/aTZ) for AIH,OH
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Table C24: Rotational Spectroscopic Constants for AIH,OH with A- and S-reduced
Hamiltonian spectroscopic constants

Const. Units atz actz awctz F12-TZ F12-TcC
A, MHz 111831.2 113041.8 113764.3 113030.1 113969.8
B, MHz 14092.8 14281.3 14360.4 14284.5 14414.8
C. MHz 12515.6 12679.5 12750.9 12681.8 12796.4
Ay MHz 112481.5 113785.7 114372.2 113739.0 114717.0
By MHz 14036.3 14224.4 14304.7 14230.6 14348.8
Cy MHz 12445.9 12609.8 12680.2 12614.2 12719.3
A MHz 111255.3 112509.0 113069.4 112456.8 113418.0
By MHz 14012.5 14199.9 14280.2 14207.1 14324.9
4 MHz 12411.9 12574.6 12644.6 12579.6 12684.2
Ay MHz 111583.3 112869.3 113402.7 112809.4 113783.5
B MHz 14027.5 14215.7 14296.1 14222.3 14340.0
Cy MHz 12429.4 12593.2 12663.0 12597.8 12702.4
As MHz 111422.4 112717.1 113237.6 112647.7 113619.5
Bs MHz 14030.5 14218.8 14299.5 14225.6 14342.3
Cs MHz 12429.5 12593.5 12663.3 12598.0 12701.9
Ay MHz 112578.5 113852.2 114424.5 113785.9 114729.6
By MHz 13989.6 14174.9 14254.3 14178.5 14292.0
Cy MHz 12373.7 12535.1 12612.9 12547.5 12649.0
Asg MHz 113115.8 114411.9 114965.7 114353.3 115334.3
Bs MHz 14039.4 14227.5 14309.0 14235.4 14351.0
Cs MHz 12429.7 12592.6 12663.2 12597.9 12700.3
Ag MHz 118897.0 118196.9 118809.0 118134.6 119151.8
Bg MHz 14082.2 14271.1 14352.1 14278.1 14394.6
Cs MHz 12447.2 12612.1 12673.8 12608.9 12712.1
Ay MHz 109372.1 112887.4 113447.9 112851.2 113853.8
B~ MHz 13994.8 14183.0 14264.3 14191.9 14307.9
Cy MHz 12461.0 12625.5 12696.2 12630.3 12734.1
Ag MHz 116113.9 117972.9 118733.0 117991.0 119343.4
Bg MHz 14060.5 14247.9 14329.0 14255.6 14370.3
Cs MHz 12437.4 12603.2 12673.9 12608.8 12713.0
Ag MHz 109295.7 110141.9 110476.1 110039.3 110713.4
By MHz 13977.1 14166.7 14246.8 14173.1 14283.7
Cy MHz 12454.5 12619.2 12689.4 12623.9 12722.2

Table C25: Equilibrium, ground, and vibrationally-excited rotational constants
AlH,OH.
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Table C26: A- and S-reduced Hamiltonian spectroscopic constants

ment for AIH,OH.

and dipole mo-

Const Units atz actz awctz F12-TZ F12-TcC
Ay kHz 15.036 15.322 15.332 15.105 15.260
Ax MHz 3.650 3.801 3.871 3.824 3.896
Ak kHz 334.352 341.754 344.627 340.926 342.966
oy kHz 1.825 1.866 1.867 1.848 1.867
Ok kHz 218.208 223.067 224.831 223.139 224.447
D mHz 1.821 1.880 1.996 2.174 0.010
Dy Hz 596.509 646.690 657.578 650.453 668.868
D Hz 4.304 4.421 4.477 4.473 4.194
Dr s Hz —1.730 0.347 0.276 —0.360 2.660
oy mHz 3.589 3.731 3.787 3.758 3.355
ik Hz 2.343 2.412 2.448 2.441 2.278
oy Hz 190.594 196.802 199.485 197.500 197.768
Dy kHz 14.163 14.425 14.429 14.207 14.355
Dk kHz 339.592 347.138 350.044 346.315 348.395
Dy MHz 3.645 3.797 3.867 3.819 3.892
dy kHz —1.825 —1.866 —1.867 —1.848 —1.867
ds Hz —436.627 —448.626 —451.400 —449.064 —452.431
D, 1Hz 0.000 0.000 0.000 0.000 0.000
H; mHz —8.660 —8.950 —8.944 —8.743 —10.282
Hjg Hz 1.548 1.567 1.592 1.611 1.322
Hyy Hz 7.615 10.022 10.056 9.346 12.389
Hyg Hz 589.931 639.880 650.694 643.621 662.022
h1 mHz 2.179 2.264 2.306 2.284 1.876
ho mHz 5.240 5.415 5.470 5.458 5.146
hs mHz 1.410 1.468 1.481 1.473 1.479
H, 1Hz 0.000 0.000 0.000 0.000 0.000
Dipole D 1.21
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Table C27: Rotational Spectroscopic Constants for AIH,OH with A- and S-reduced
Hamiltonian spectroscopic constants cont.

Const. Units F12-TZR F12-TcCR F12-TcCR+TZ Split Basis TcC Split Basis TcCR
A, MHz 113030.1  113969.8 113969.8 113045.2 113045.2
B. MHz 14284.5 14414.8 14414.8 14285.9 14285.9
C. MHz 12681.8 12796.4 12796.4 12683.1 12683.1
Ay MHz 113731.1  114650.1 114677.1 113754.4 113755.2
By MHz  14230.5 14359.8 14358.7 14232.0 14231.0
Co MHz  12614.4 12727.4 12727.0 12615.5 12615.1
Ay MHz 112450.8  113351.4 113374.0 112472.0 112475.4
B, MHz 14206.7 14335.8 14334.7 14208.5 14207.1
C1 MHz  12579.7 12692.4 12691.8 12580.9 12580.4
Ay MHz 112802.5  113713.6 113714.8 112824.5 112827.5
By MHz  14222.2 14349.7 14350.0 14223.7 14222.7
Co MHz  12598.0 12709.6 12709.8 12599.1 12598.7
Az MHz 112641.2 113545.0 113545.2 112662.7 112666.5
B3 MHz 14225.6 14354.3 14353.5 14227.0 14226.0
Cs MHz  12598.3 12710.7 12710.1 12599.3 12598.9
Ay MHz 113790.2  114694.7 114715.0 113800.2 113814.3
By MHz  14180.3 14306.2 14304.1 14179.8 14180.5
Cy MHz  12548.0 12658.7 12657.3 12548.7 12548.4
As MHz 114334.3 115280.8 115304.2 114369.2 114358.9
Bs MHz  14234.7 14364.1 14363.1 14236.9 14235.0
Cs MHz  12597.8 12710.6 12710.1 12599.2 12598.3
Ag MHz 118072.9  119009.3 119068.9 118154.0 118105.5
Bg MHz  14277.1 14407.9 14405.1 14279.6 14277.1
Cs MHz 12609.0 12722.3 12720.9 12610.3 12609.4
Az MHz 112836.7  113743.2 113803.4 112866.4 112865.5
By MHz  14190.9 14318.3 14319.3 14193.3 14190.8
Cy MHz  12630.7 12742.3 12743.8 12631.6 12631.0
Ag MHz 117829.6  119026.1 119092.3 118017.8 117865.2
Bsg MHz 14254.8 14385.7 14383.0 14257.0 14255.5
Cy MHz 12609.2 12724.3 12723.0 12610.1 12610.1
Ag MHz 110223.5  110847.7 110890.4 110041.2 110237.6
By MHz  14174.5 14305.4 14303.4 14174.5 14174.7
Cy MHz  12624.6 12738.2 12737.2 12625.2 12625.1
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Table C28: A- and S-reduced Hamiltonian spectroscopic constants and dipole mo-

ment for AIH,OH cont.

Const. Units F12-TZR F12-TcCR F12-TcCR+TZ Split Basis TcC Split Basis TcCR
Ajg kHz 15.162 15.318 15.317 15.105 15.161
Ax MHz 3.825 3.896 3.897 3.827 3.828
Ajk kHz 333.994 337.006 336.833 341.050 334.099
0y kHz 1.852 1.871 1.871 1.848 1.852
0K kHz 219.412 221.206 221.076 223.193 219.453
D mHz 2.206 1.229 1.153 2.160 1.965
Dy Hz 662.296 690.483 687.690 651.461 662.729
Dri Hz 4.297 4.533 4.347 4.474 4.301
Dy Hz —1.829 —3.074 —555.521 —0.339 —1.630
ok mHz 3.755 3.609 3.653 3.758 3.718
bk Hz 2.347 2.459 2.374 2.442 2.348
oy Hz 191.243 193.367 193.075 197.598 191.383
Dy kHz 14.279 14.426 14.426 14.207 14.278
Dk kHz 339.293 342.357 342.180 346.440 339.398
Dy MHz 3.821 3.892 3.892 3.822 3.824
dq kHz —1.852 —1.871 —1.871 —1.848 —1.852
do Hz  —441.562 —445.898 —445.635 —449.144 —441.618
D, uHz 0.000 0.000 0.000 0.000 0.000
H; mHz —8.386 —9.840 —9.575 —8.758 —8.630
Hyx Hz 1.530 1.737 1.554 1.611 1.532
Hyy Hz 7.555 6.412 8.917 9.370 7.759
Hyg Hz 655.690 683.804 681.021 644.627 656.119
hy mHz 2.331 2.166 2.213 2.284 2.293
ho mHz 5.296 5.534 5.364 5.459 5.297
hs mHz 1.424 1.442 1.440 1.474 1.425
H, 1Hz 0.000 0.000 0.000 0.000 0.000
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