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ABSTRACT
One of the advantages of computational quantum chemistry is its ability to leverage theoretical models to
extract insights from the study of challenging chemical systems. In particular, the trends that manifest
along groups or rows of the periodic table have been of interest to chemists for many years. Comprehensive
understanding of these kinds of trends has the potential to evolve our chemical intuition of many systems
that are positioned at the cutting edge of experimental research. This work begins with a summary of the
foundational theoretical details of the ab initio methods employed throughout this body of research. The
first application examines atmospherically relevant binary complexes formed between hypohalous acids and
water, with close examination of the competition between hydrogen and halogen bonding. Next, motivated
by the impressive synthetic work of Cummins, we characterize the Pn(CH); (Pn = N, P, As, Sb, Bi)
tetrahedrane molecules and lay a firm foundation for future experimental work on these systems. Significant
attention is given to the electronic structure motifs exhibited by these tetrahedrane species and how they
change with increasing pnictogen size. The third project examines the HNCO + H5O reactions which are
of significant importance for many industrial applications. Key stationary points are characterized with

energy predictions approaching the CCSDT(Q)/CBS limit. Using ab initio composite methods, the changes



in barrier heights for a collection of 24 substituted RNCO species as well as the catalytic effects of additional
water and RNCO molecules are determined. The resulting patterns are analyzed with the aim of informing
novel material development. The final project concerns the design of an upper-level physical chemistry lab
that focuses on the balance between computational cost and accuracy by means of an ab initio study of
methane combustion energy. The components of the exercise are explained in detail with an emphasis on
its intentional design which prioritizes pedagogical flexibility, accessibility, and learning goals that can be

generalized to many computational science fields.
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CHAPTER 1

INTRODUCTION

1.1 Ab initio Electronic Structure Theory

Computational quantum chemistry is an increasingly relevant sub-field of chemistry that leverages compu-
tational resources to make predictions concerning the physical features of molecules and how they react with
one another. This work focuses on ab initio electronic structure theory, a specific subset of quantum chem-
istry that relies upon methods built up from the fundamental mathematics of quantum physics to describe
the behavior of electrons in a chemical system. The benefit of this approach is that the methods utilized
have mathematically defined approximations (and therefore sources of error) and can, in most cases, be
systematically improved to produce sufficiently reliable results, given computational constraints. Unfortu-
nately, the large computational scaling of many of these approximations severely constrain the size of the
chemical systems that can be studied. Despite this limitation, high-level ab initio methods can provide useful
predictions of the physical features of small molecules such as equilibrium geometries, vibrational frequencies
(IR), rotational constants (microwave), excited states (UV-VIS), ionization energies, dipole moments, bond
orders, etc. These quantitative results, in many cases, can aid experimental chemists in the detection and
classification of novel molecular species. Moreover, these predictions can also greatly aid in the qualitative
explanation of observed and theorized chemical phenomena. Perhaps the most fundamental application of
high-level ab initio quantum chemistry is the prediction of reliable energetics and thermodynamics of reaction
pathways. These results can help predict novel and experimentally plausible chemical pathways, characterize
reaction intermediates which are challenging to observe, identify the most favorable pathway in a chemical
reaction, and provide the fundamental quantities (such as reaction barriers within “chemical accuracy” (1
keal mol™1)) necessary to produce state-of-the-art kinetics models. All of these results, if correctly obtained,
have the potential to motivate, explain, guide, and occasionally correct the ongoing experimental research
of chemists across many different fields. This work will survey the theoretical foundation for these ab ini-

tio methods, describe some useful tools based on or used in conjunction with these methods, and detail



four research studies where ab inito techniques are applied to answer questions spanning multiple chemical
sub-disciplines. Many of the theoretical details concerning how these methods are developed and applied to

chemical systems are drawn from the excellent reference works of Szabol, Cremer, Pauling®®, and Levine®.

1.2 The Schrodinger Equation

Electronic structure theory rests upon the landmark work of Schrédinger in the early 1920s that a many
bodied system can be described via a “wave-like” probability distribution known as a wavefunction (¥)<.
This wavefunction is a mathematical representation of n-particles a space at time t and possessing an infinite
set of eigenvalues corresponding to any physical observables. Schrodinger discovered the differential equation
denoted in Equation [I.I] which can be solved to determine the time independent energy of a molecular
system. Given that H is the nonrelativistic molecular Hamiltonian (Equation , the F; corresponds to
eigenstates of the system and thus the quantized energy solutions for a molecular system, the ground state
(Ey) generally being the most important. H is composed of terms that correspond to classically meaningful
electronic interactions and energetic components in a molecular system: the kinetic energy of the nuclei
with mass My (— %: ﬁ@?\,), the kinetic energy of the electrons (— ZZ: %@f), the nuclear-nuclear repulsion

(> %), the electron-nuclear attraction (— 3~ ZX), and the electron-electron repulsion (Y- -L), where
N>M Ni i>j 7

N and M are the nuclear indices, and ¢ and j are the electron indices, V is the gradient operator, Z is

TNi

the nuclear charge, Rj;n the internuclear distance, and r;; the interelectron distance, all in atomic units.
The V operator is defined in equation and consists of partial derivatives with respect to each Cartesian

coordinate.

H\|0;) = E; |¥;) (1.1)

I A SO ML I DL DD I (12
N N1t 0>
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V=t o+ o (1.3)

Due to the many coupled interacting terms described in the molecular Hamiltonian, analytic solutions
to the Schrodinger equation can only be produced in the simplest of cases such as the hydrogen atom. In
practice, approximate solutions are obtained by making careful approximations that introduce minimal or at

least well-defined and systematically removable error into the solutions. One of the most foundational and



pragmatic approximations is the Born—Oppenheimer approximation which leverages the drastically different
time scales of motion between electrons and the nuclei (a consequence of the fact that a single proton
has a mass that is approximately 1836 times greater than an electron and therefore moves much slower).
The Born—Oppenheimer approximation assumes that electrons rearrange quickly relative to nuclei and, as
a consequence, the nuclei can be considered stationary. This effectively factors out the vibrational and
rotational components of the wavefunction and produces adiabatic solutions of the electronic Schrodinger
equation which are a function of the nuclear coordinates in three dimensional space. The result of this

approximation is a significantly simplified molecular Hamiltonian (Equation [1.4)) where the kinetic energy

of the nuclei is now zero and the nuclear-nuclear repulsion term is a constant (Vyny = Y %)
N>M
N 1. ZN 1
H=-N"-v2_N"2X . N~ 4w, 1.4
Z 2" Z TNi Z rg (4
% N1 1>7

The Born—Oppenheimer approximation also has significant practical value for interpreting chemical pre-
dictions. Assuming a reliable method is available to estimate solutions of the Schrédinger equation, which
will be discussed shortly, we are able to construct a hypersurface known as a potential energy surface or
PES. The PES is the mapping of nuclear coordinates, typically to 0 K gas-phase electronic energies. The
conceptual nature of a PES has significant benefits for interpreting theoretical ab initio results. For example,
a point that is a minimum on the PES, with respect to all degrees of freedom, corresponds to a molecular
arrangement that is an equilibrium geometry and would be a candidate for spectroscopic observation. Min-
imum points or transition states (first order saddle points that possess one imaginary vibrational frequency
that corresponds to a pathway connecting two minima) are referred to as stationary points and are the most
important features of a PES. Therefore, this work primarily focuses on the characterization of key stationary
points for key chemical processes. The curvature of the surface near an equilibrium geometry is also im-
portant and associates with a molecule’s vibrational frequencies which can be used to predict experimental
observables. Assuming that the curvature of the PES near these points is quadratic, Harmonic vibrational
frequencies may be obtained to both predict vibrational frequencies and verify the nature of each stationary
point as a minimum or a transition state. This assumption is generally valid, but can break down in specific
systems where molecular vibration is severely anharmonic.

The PES is also useful for determining the reactivity of chemical species. Characterizing features of
the PES helps predict the sort of mechanism a chemical reaction will proceed through, including quantifi-
cation of the the transition state barriers. Reliable predictions of these results are incredibly important
for understanding and informing experimental chemical research and can often be useful for determining

what modifications might catalyze a reaction. There are certainly situations where the Born-Oppenheimer



approximation itself breaks down, but these cases are not present in this research. Much more relevant to
this work is that fact that the PES can be highly dependent on the quality of the methodology used to solve
the Schrodinger equation. For example, a molecular isomer may present as a minimum on a low-fidelity
PES, yet have no corresponding stationary point on a high-fidelity PES, and is therefore not be a valid
experimental target. This means that great care must be taken so that predicted results are both qualita-
tively and quantitatively correct. The following sections will outline a hierarchy of ab initio methods and
some accompanying tools that are applied to characterize important stationary points with a high degree of

quantitative accuracy and qualitative insight.

1.3 Hartree—Fock Theory

Given the fact that analytic solutions to the Schrodinger equation for multi-electron molecular systems
are impossible to obtain, it is necessary to turn to approximate methods that can still produce physically
meaningful results. The current foundation for most ab initio methods is known as Hartree-Fock (HF)
theory. HF theory has proven to be a highly effective method and, though it has many severe limitations,
is a necessary first computation intrinsic to the best methods currently in existence. The overarching idea
of HF is that it is a procedure to iteratively solve for the best (i.e. lowest energy) set of molecular orbitals
(MOs) given the constraint that the MOs are orthonormal to one another. According to the variational
theorem, any trial wavefunction will produce an energy that is an upper bound for the true value, thus lower
energy predictions are “better” and closer to the exact answer. These MOs are the end goal and provide
incredibly valuable chemical insight into a system while also being a necessary precursor for many high-level
ab initio methods. The following will elaborate on how this is accomplished and provide more technical
insight into what a mathematical set of MOs actually is.

The foundation of the HF method is the construction of an approximate wavefunction from a set of
indistinguishable one electron wavefunctions (or unoptimized MOs) (;5{ = ¢;(x},yj, z;) of which the ith orbital
depends on the spatial coordinates of the jth electron in a molecular system. It would be nice if we could
simply write the total wavefunction as a product of these MOs and proceed to easily solve the Schrodinger
equation from there. Unfortunately, these MOs lack the inclusion of important physical properties such as
electron spin and the antisymmetry which fermions such as electrons possess. To account for spin and avoid
violation of the Pauli principle, we can define a new orbital known as spin orbital 1/)17 = ¢;(xj, 5, 2j)wi(s;),
where s; corresponds to either a spin-up (w;(s;) = a) or spin-down (w;(s;) = B) state for electron j. These
« and [ functions simply account for the orthonormality of spin integrals. That is to say the spin integral

over a product of two spin functions is one if they are both a or both £ and zero otherwise.



We could now write an approximate wavefunction (®) that is a product of one electron spin orbitals,
but this still fails to properly incorporate antisymmetry into the system. Antisymmetry requires that if the
indices of any two electrons are swapped, only the sign of the total wavefunction changes. Antisymmetry can
be introduced by leveraging properties of determinants and writing the total wavefunction as a determinant
where entries consist of every combination of N electrons in N spin orbitals, represented in Equation [1.5]and
known as a Slater Determinant®. Each of the N rows correspond to an electron and each of the N columns
corresponds to a spin orbital, with N being the number of electrons in the system and x; being the spatial
and spin coordinates of electron ¢. It is well-known that swapping a row or column of a determinant will

change its sign, thus our wavefunction is now antisymmetric. The ﬁ term is the normalization factor

which ensures our total wavefunction remains normalized.

Ui v N
1|Ut v R

¢(X17X27"' aXN) = m (15)
LA R

Using the fact that we can select any set of orthonormal spin orbitals to define the wavefunction (or
select orbitals and orthogonalize them), solutions to Equation can be obtained for a molecular system
and produce an energy result which is presented in Equation where h and g are the one and two electron
operators representing pieces of the Hamiltonian, respectively. This energy expression is known as the first

Slater-Condon rule and the matrix elements of these operators, known as the one and two electron integrals,

are defined by Equation [I.7] and

B = (@ 7[®) = > (wi] hi [v}) + 3 (wiv]

% 1<j

a(i.d) [uiv]) = Y (vivg| gt [wiwl)  (16)
(ol i) = [ 3000 o) (1.7)

(phgl gij [rtbs) = /iﬁ;(xi)w;(xj)ﬁ(xi,Xj)%br(Xi)ws(Xj)dXide (1.8)

Though we can use Equation[L.6]to compute the energy of any Slater determinant, only the best Slater de-
terminant (i.e. set of MOs), in a variational sense, provides the best approximation of the true wavefunction.
The method of Lagrangian multipliers can accomplish this by minimizing the energy with the constrain of

orbital orthonormality: (1;1;) = 6;j. Proceeding forward, we consider the Restricted Hartree-Fock (RHF)



case as all species in this study are closed shell. In the RHF case we can integrate out the spin and continue
working with a set of doubly occupied spatial orbitals (¢).

The equations that satisfy the Lagrangian relationship can be cast into the canonical Hartree-Fock
equations (using unitary transformations) which result in a pseudo-eigenvalue problem defined in Equa-
tion where f (the Fock operator) is an effective Hamiltonian composed of one electron operators. The J
(Coulomb) and K (exchange) operators are defined in Equations and respectively, and introduce
what is known as the mean field approximation where the electron-electron repulsion term is approximated
by each electron’s interaction with the average field of all other electrons rather than its instantaneous in-
teraction with each individually. The set of orbitals that satisfy the variational theorem and minimize the
energy will be eigenfunctions of f which is itself a function of these orbitals, thus the equations are highly
coupled and exact solutions to this pseudo-eigenvalue problem cannot be obtained in all but the simplest

cases.

foi=Thi+ Z(ij — K;)|pi = i (1.9)
Jj|ot) = <¢§‘§(Xi,Xj) )¢§¢§-> (1.10)

i [01) = (#)] 9. 3)

) (1.11)

The Roothaan—Hall equations provide a means to numerically estimate the molecular orbital solutions
by employing a basis set approximation. Each molecular orbital is defined as a linear combination of atomic
orbitals (Equation , or basis set. The x,’s are the atomic orbital functions and the Cy;’s are the MO
coefficients defining how each x, contributes to the MO ¢;. The atomic orbitals are described by simple
mathematical functions that approximate the well understood physical features of atomic orbitals such as
the spherical distribution of a 1s orbital. By combining Equations [I.9) and [[.12] and left multiplying by
the complex conjugate of the basis function (x,*), the integral relationships in Equation are obtained
for a particular MO which is then extended to the full Roothaan-Hall system of equations in matrix form
(Equation where S is the overlap matrix, F is the Fock matrix, C contains the MO coefficients, and €

is a diagonal matrix composed of the orbital energies), valid for the entire set of MOs.

e (112)
q



> (G

Fixg) Coi = > (x}|xa) Cai (1.13)

q

FC = SCe (1.14)

The pseudo-eigenvalue problem can be transformed into a standard eigenvalue problem by means of the
symmetric orthogonalization transformation by employing the identity matrix written in terms of the overlap

matrix (I = S~1/281/2) to obtain Equation [1.15]

S—12ps—1/281/2C = §—1/288-1/281/2Ce (1.15)

By defining a transformed Fock matrix (F = S~1/2FS~1/2) and coefficient matrix (C = $1/2C) a stan-
dard eigenvalue problem is obtained (fé = ée) where F can easily be diagonalized. Final solutions are
obtained using an iterative process where initial MO coefficients (i.e. elements of the C matrix) are guessed
allowing for an initial energy to be produced as well, F is built and diagonalized, the new C matrix is used
to produce a new energy and F matrix, and the procedure is repeated until the change in the energy and
the MO coefficients is below some predetermined convergence threshold. The result of this procedure is
the best set of molecular orbitals that minimize the energy of the system for the finite basis set utilized in
Equation [1.12] under the mean field approximation.

The HF method, though very useful, rests on two primary assumptions that fail to address what is known
as the correlation energy of the system. The first assumption is that in HF theory, each electron interacts
with the “mean field” of all other electrons which necessarily increases the energy. In reality, the motions
of electrons are instantaneously coupled to one another and electrons rearrange to lower the energy of the
system. This is known as dynamic correlation. The second assumption HF makes is that the wavefunction
can mostly be described by a single Slater determinant. Usually, this is a fair assumption, but falls apart
in cases such as unimolecular bond cleavage and species with multiple resonance structures. When two
or more Slater Determinants are necessary to describe the electronic structure of a system, it is said to
have strong static correlation or be multireference. Multireference systems cannot be reliably described
by HF based methods and can be diagnosed using a variety of methods such as inspecting the coupled
cluster amplitudes or by obtaining a CASSCF wavefunction and determining the percent weight of each
Slater Determinant. Both of these sources of correlation energy can be completely treated by expanding the
wavefunction as a linear combination of all possible Slater determinants, within a basis of orbitals as shown

in Equation [1.16] The 4,j,k,--- and a,b,c,--- are indices corresponding to the occupied and unoccupied



orbitals, respectively. The |®) terms correspond to Slater determinants with |®g) being the HF determinant
and all others corresponding to excitations from occupied orbitals of the HF determinant into unoccupied
orbitals according to the appropriate indicies. The ¢ terms are configuration interaction constants that
weight each of the Slater determinants in the expansion. Equation [1.16]is known as the full configuration

interaction (FCI) wavefunction and corresponds to mixing between all possible electronic states.

U) =co @)+ e [@f)+ > |y + Y ctelote) + - (1.16)

i<j,a<b i<j<k,a<b<c

The FCI wavefunction described with an infinite basis set is equivalent to the exact molecular wave-
function (V) and produces and energy corresponding to the exact solution of the time-independent, non-
relativistic Schrodinger equation. FCI is computationally infeasible in practice for all but the smallest
systems as it requires building a matrix of interactions between all possible determinants, a procedure that
exhibits factorial scaling with the number of basis functions. The difference between Fyr and Fprcy is defined
as the total correlation energy of the system. Proper treatment of the correlation energy is necessary for
reliable quantitative and often qualitative ab initio predictions. Thus, in order for our results to be most
useful for experimental chemists, post-Hartree-Fock methods need to be employed that can capture as much

correlation energy as possible in a cost effective manner.

1.4 Coupled Cluster Theory

As previously stated, the treatment of correlation energy in molecular systems is extremely important and
can be critical for producing chemically meaningful results. The FCI energy, by definition, fully treats
the correlation energy of a system as it considers contributions from all possible Slater determinants. It is
possible to perform truncated CI computations on systems as well, which are far more affordable and can still
help describe multireference systems. However, truncated CI approaches suffer from two serious problems:
they lack size-extensivity and size-consistency. For a system to be considered size-extensive, the error in
the energy should scale proportionally to the number of identical units in the system. For a system to be
size-consistent, the sum of the energy of two fragments computed independently should equal the energy of
the two fragments computed together at a non-interacting distance. However, it is well know that, due to
the means by which truncated CI methods excite to different Slater determinants, neither of these features
are maintained and introduce serious errors into the results. Coupled cluster, a technique first applied to
quantum chemistry by Cizek and Paldus in the late 1960s and early 1970s”9, stands in contrast to the CI

methods and provides a systematic, size extensive and size-consistent methodology to affordably approach



the FCI limit. The application of coupled cluster theory is a cornerstone of this research and warrants a brief
summary of its mathematical foundation. Crawford provides an excellent review of coupled cluster methods
as they apply to quantum chemistry and we summarize the cornerstone theoretical details below.

The fundamental idea behind coupled cluster theory is to approximate solutions to the Schrodinger
equation (Equation by estimating the true wavefunction (V) as a reference wavefunction (®) having
an exponential ansatz: |¥) = e |®). The reference wavefunction can be anything in principle, but is
always chosen to be Slater determinant corresponding to the Hartree-Fock wavefunction. The T term is
known as the cluster operator and is composed of a sum of excitation cluster operators (Equation that
correspond to excitations from the reference determinant, the number of which is denoted by the subscript
of each operator in the sum.

T=T+T+Ts+ - +1n (1.17)

Notice that the last term is TN as there cannot be more excitations than electrons in the reference

determinant. Each excitation cluster operator is further defined in Equation [1.18

n

- 1
To= ()" Y tifralal aja (1.18)
" ij..ab..

The t terms are the coupled cluster amplitudes and are related to the probability of their respective
excitations and parameterize the coupled cluster wavefunction. The subscripts i,j,--- correspond to indices
of occupied orbitals and the subscripts a,b,--- correspond to indices of unoccupied orbitals. a; and al
correspond to an operator that annihilates the i’th orbital in the target determinant and an operator that
creates the a’th orbital in the target determinant, respectively. For example, a Ty operator will consist of
all possible determinants formed by annihilating two reference orbitals from the reference determinant and
replacing them with two previously unoccupied orbitals, weighted by their respective cluster amplitudes.
Having defined these terms, we can return to the wavefunction written in terms of an exponential ansatz.

The ansatz can be expanded via a Taylor series (Equation [1.19)).

; I
T _
F=14T+ o+ 5+ + (1.19)

If the series is not truncated, it is equivalent to the the FCI result, but this new formulation does not
decrease the incredible cost of computing such a result. The coupled cluster method is most advantageous

because, unlike a CI truncation, it is size-extensive and size-consistent and can be truncated without intro-



ducing significant error into the system. Truncations usually occur in the cluster operator (Equation ,
which is then placed into the infinite series defined in Equation A cluster operator that stops with
n=>2 (T =T+ T 5) is denoted as producing a CCSD, or “singles and doubles”, energy results and likewise
a cluster operator that stops with n=3 (T =T +Ts + Tg) is denoted as CCSDT, or “singles, doubles,
and triples”. This truncation can be done up to any order less than or equal to the number of electrons
in the system. Generally speaking, higher order terms contribute decreasingly to the final energy result
(a simultaneous double excitation is far more probable than a quadruple excitation, e.g.). Increasing the
number of excitations also significantly increases the scaling cost of each computation, thus it is generally
that case that CCSD is utilized for most species (scaling O(N®), there N is the number of basis functions)
and higher order coupled cluster is only employed in the smallest cases where extreme accuracy is desired.
Coupled cluster’s favorable convergence is primarily due to the inclusion of cross terms that are not present
in the truncated CI expansion. For example, (T} 4+ 15)% = T2 + TyTy 4+ T2. Terms like 71T} are not present
in the truncated CI expansion and their inclusion is why coupled cluster is size-consistent and size-xtensive.

The final coupled cluster energy can be determined by left-projecting the reference determinant onto the

Schrédinger equation (Equation [1.20)).

(®| He' @) = E (1.20)

Similarly, an expression can be obtained for the amplitudes by left-projecting with an excited Slater deter-

minant instead (Equation |1.21)).

(0g| He™ @) = (@] " |0) (1.21)

The problem with Equation [1.21] is that the coupled cluster amplitudes are coupled with the energy.
This is generally avoided by utilizing a transformed Hamiltonian (e_TlfI eT) which, when substituted into
Equations and makes the right side of the equation equal to E and 0, respectively, assuming inter-
mediate normalization. This allows for Equation to be solved without the energy present on either side
of the equation. In practice, the transformed Hamiltonian can be rewritten as a sum of nested commutators
between the Hamiltonian and the cluster operators known as the Hausdorff expansion (Equation .

- 1. 1 .~ .

e THe = B+ [H,T]+ ST 1) + g [[H,T),T),T) + - (1.22)

According to Wick’s Theorem, only fully contracted terms (i.e. terms that are connected to the Hamilto-

nian) in this expression will be nonzero. The fact that the Hamiltonian is composed of one and two electron
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operators means that the Hamiltonian can contract with at most four cluster operators and thus terminates
at T4, Similarly, many additional non-connected terms can be eliminated from the coupled cluster equa-
tions. Equations and are the final coupled cluster equations where subscript “c” denotes only the

connected terms following transformation of the Hamiltonian.

(®| HeT |D), = B, (1.23)

(@00 | Hee™ |®), =0 (1.24)

CCSDT results which scale as O(N?®) are far too expensive to compute for most systems. Nevertheless,
the triples term has been demonstrated to be necessary for applications that require high accuracy result
such as kinetics™?. A solution to this dilemma is a perturbative correction for the triples term added onto
the CCSD result. The perturbative triples treatment is denoted as CCSD(T) and is considered the gold
standard of electronic structure theory due to its reliable results and reasonably affordable scaling costs

(O(NT)). The primary results in this study are generally obtained using the CCSD(T) method.

1.5 Basis Sets

So far, we have considered the methods that will be used to estimate exact solutions of the Schrodinger
equation. Each of the methods previously discussed necessitate the use of some set of mathematical functions
that are used to obtain numerical results for the MOs via the Hartree—Fock and the corresponding correlation
energy. These functions are systematically designed to model the physical features of atomic orbitals and are
collectively referred to as a basis set. It would be ideal to produce results that correspond to an infinite sized
basis set, but that is computationally impossible. Instead, basis sets are engineered and selected to estimate
this limit. Increasing the number of basis functions will generally approach the complete basis set (CBS)
limit, but will also severely increase the computational cost. Therefore, significant work has gone towards
the development of basis sets that efficiently approach the CBS limit with as few functions as possible. The
correct selection of basis set can be as critical to an accurate description of a chemical system as the choice
of theoretical method. For example, a FCI result computed with a minimal basis (i.e. one basis function for
each atomic orbital) might be far worse than a CCSD result with a sufficiently large basis set. Therefore,
it is worth discussing some of the technical hallmarks of basis set design and, in particular, focus on the
Dunning cc-pVXZ family of basis sets™ that are primarily utilized in this work.

Most modern basis sets are built from individual Gaussian functions which posses cost effective compu-

tational properties. Equation |1.25| provides the general form for a normalized Cartesian Gaussian function

11



where x, y, and z are the Cartesian coordinates, i, j, and k are integers that specify the quanta of angu-
lar momentum along each respective Cartesian axis, and « is a parameter that specifies the spread of the

function.

2 : kR
S,y 7 0, . k) = (o) {(806) - } iyl e @i+ (1.25)

| (20)1(24)!(2k)!

The sum of the i, j, and k values indicates the type of atomic orbital the Gaussian function is modeling
(e.g. a sum of 0,1, or 2 corresponds to s, p, and d, respectively) Gaussian type orbitals have the desirable
feature of being analytically integrable which avoids expensive numerical methods to evaluate the molecular
necessary for the Hartree-Fock procedure. Unfortunately, Gaussian type orbitals have some significant
shortcomings such as their failure to model the nodal structure of atomic orbitals, a decay in electron
density that is too fast as distance from the nucleus increases, and failure to represent an undifferentiable
cusp at the nuclear center. These problems have been addressed by combining individual Gaussian functions
(primitives) as linear combinations to form what is known as a contracted basis function. The exponents and
contraction coefficients of each type of basis set are variationally optimized to best agree with experimental
data such as the ionization potential of atoms™ "<, Many additional modifications can be made to a basis
set to describe a specific physical feature of a system or to provide optimal results from a particular kind
of method. To understand these modifications in the context of this body of research, the following will
discuss the primary features and modifications of the Dunning cc-pVXZ family of basis functions which were
designed to accurately describe the energy of systems using correlated methods, such as coupled cluster.

The cc-pVXZ basis set nomenclature stands for “correlation consistent polarized valence (cardinality)
zeta”, where cardinality = double, triple, quadruple, or pentuple, for X = D, T, Q, 5, respectively. The
cardinality controls the basis set size and determines how many basis functions are utilized to describe the
valence atomic orbitals, the most important orbitals for describing most chemical phenomena. Generally,
the core orbitals of like atoms manifest similar MO coefficients and thus require less flexibility in their
description than the valence orbitals. The correlation consistent designation highlights the systematic design
of the Dunning basis sets such that an increase in cardinality adds basis functions in such a way way that
effectuates smooth and predictable convergence towards the CBS limit. This is a necessary requirement for
basis set extrapolation which will be discussed further in the next section. Polarization is another important
feature of these and many other basis sets that allows for additional mathematical flexibility by adding
higher angular momentum basis functions in the description of atomic orbitals. For example, the cc-pVDZ
basis set for oxygen has one d function that can provide a better description of the p valence orbitals. As

the cardinality increases in the Dunning basis set, additional functions are added such that a cc-pVTZ
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oxygen atom would have one f and two d functions and a cc-pVQZ basis would have one g, two f, and
three d functions, with the trend continuing for higher X. The original cc-pVXZ basis sets were incorrectly
parameterized for third row elements when they were first introduced. They have been since updated with
the correct inclusion of tight d functions and are now denoted as cc-pV(X+d)Z%3. This work appropriately
utilizes the cc-pV(X+d)Z basis sets to produce any results containing third row elements.

The Dunning basis sets can be further modified with special basis functions to handle unique cases, some
of which are present in this work. The “aug” prefix can be added to any cc-pVXZ basis set to denote the
inclusion of additional diffuse basis functions for each angular momentum already present in the parent basis
sett¥, These diffuse functions are necessary for describing systems where electron density is far from the
atomic centers such as anions, noncovalent interactions, and strong dispersion interactions. Slightly more
cost effective versions of these basis sets have been developed which remove the highest angular momentum

13 oM

diffuse function for each step as the series progresses (“jul”, “jun”, “may”,- - - ). The Dunning basis sets can
also be modified to describe core-valence (cc-pwCVXZ1Y) and core-core (cc-pCVXZ™4) correlation. In most
cases, a frozen core approximation (only correlating the valence electrons) and a cc-pVXZ basis is sufficient
to describe a system. Certain cases, such as atoms containing “valence-like” d electrons require correlation
of outer core electrons to produce reliable results. The cc-pwCVXZ and cc-pCVXZ basis sets and relaxation
of the frozen core approximation can produce more rigorous results, but often are not worth it considering
the significant increase in their size and therefore computational cost.

One final basis set modification utilized in this work is the inclusion of an effective core potential (ECP)
denoted by the ““PP” appended to the basis set namel”. An ECP replaces some set of the innermost electrons
with functions that properly describe the core and possess computationally simple analytic solutions. The use
of an ECP is often valid as the inner core of heavier atoms is so much lower in energy, that its contribution to
the correlation energy is minimal in most systems. ECPs are advantageous because they decrease the number
of basis functions needed to describe large atoms, but are also able to describe the relativistic effects that
manifest in the core electrons of heavy atoms. Thus, an ECP can remove the need to treat scalar relativistic
effects in most systems without the need for a relativistic Hamiltonian to be employed. Otherwise, treating
relativistic effects often requires a large decontracted basis set and is not computationally feasible in most
cases.

The Dunning basis sets are powerful and robust for ab initio computations as each of the aforementioned
modifications (augmentation, core weighting, and ECPs) can be combined and used together while main-
taining the correlation consistent features necessary to converge results towards the CBS limit. In addition,
full sets of auxiliary basis sets are available for the Dunning family which allows for utilization of the density

fitting approximation where appropriate.
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1.6 Focal Point Analysis

The previous sections have discussed the foundational technical details necessary to produce solutions of
the Schrodinger equation with very high levels of theory. One of the most important applications of these
results is to characterize relative energies of stationary points on a PES. Generally a reliable level of theory
such as CCSD(T)/cc-pVTZ should be able to produce predictions that are accurate enough to answer some
chemical research questions. There are many cases, however, where the ab initio predictions must have
uncertainty in the electronic energies that is below chemical (1 kcal mol~!) or sub-chemical (1 kj mol~1!)
accuracy, e.g. combustion kinetics. In addition, we have no way to ensure that a single-point energy is
sufficiently converged with respect to finite basis set error or correlation energy. The focal point analysis
(FPA) method of Allen and coworkers™®l was developed as a tool to produce highly accurate energetic
results and observe the convergence towards the FCI/CBS limit as finite basis set error and correlation
energy are both systematically treated. FPA is utilized heavily in this work and not only produces results
approaching the ab initio limit, but diagnoses any underlying problems that might have gone unnoticed if
results were obtained using a single level of theory. The rest of this section will explain the mechanics of
FPA and how it is used to ensure the prediction of highly converged electronic energy predictions.

In in order for a FPA to produce trustworthy relative energies, it requires product and reactant geometries
optimized at a high quality level of theory such as CCSD(T)/cc-pVTZ. Geometries obtained at lower levels
of theory risk introducing error due to the geometry optimization that defeats the purpose and misrepresents
the results of a FPA. Assuming quality geometries are obtained, single point energies are computed for each
method and as many cc-pVXZ basis sets that are computationally feasible. The methods always begin
with Hartree—Fock as the baseline and continue to MP2, CCSD, CCSD(T), CCSDT, CCSDT(Q), CCSDTQ),
and so on. Due to the increased scaling of higher order coupled cluster methods, the basis set size is
increasingly limited and eventually reaches a point where even a computation with a small basis like cc-
pVDZ cannot be obtained. Fortunately, higher order coupled cluster corrections are generally decreasingly

basis set dependent??

and can be included as an additive correction using a small basis set. The final results
are often presented in an incremental table where the contribution of each method to the predicted FCI/CBS
limit is shown (See Table for an example). Any values that are in brackets are not explicitly computed
and are extrapolated values or additive corrections. The FPA is robust and can be performed with any
variation of the Dunning basis sets as long as the modifications are consistent across the entire set of data

(e.g. all augmented or core-weighted basis sets).

First considering the rows (i.e. the basis set dimension) of an a FPA table, energies are computed with
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Table 1.1: Example incremented FPA table for the relative energy of carbamate relative to water and
isocyanaic acid on top of CCSD(T)/cc-pVQZ optimized geometries. Units are kcal mol ~*.

HNCO + H,O — NH,COOH

HF  +6MP2 +5CCSD +6(T) +6T +6(Q) NET

cc-pVDZ  -26.97  4.82 -2.45 155 009 029  -22.68
ce-pVTZ  -2427  3.52 -2.67 133 [0.09] [0.29] [-21.69]
cc-pVQZ  -2335 332 -2.97 128 [0.09] [0.29] [-21.35]
ce-pVhZ  -23.04  3.30 -3.17 128 [0.09] [0.29] [-21.25]
cc-pV6Z  -22.95  [3.29] [-3.26] [1.28]  [0.09] [0.29]  [-21.26]

CBS  [-22.93]  [3.28] [-3.38] [1.28]  [0.09] [0.29] [-21.37]

increasingly higher carnality basis sets as far as possible for each method. The results should demonstrate
convergence and provide an estimate of how much error remains due to the use of a finite basis set. If the
convergence is too slow, this could indicate an improper basis set selection or the need for larger basis sets
to properly describe the system. Schemes developed by Helgaker®? and Feller* are commonly employed to
further reduce error due to incomplete basis set via extrapolating to the CBS limit by fitting the three point
Eur = Ex% + ae~ X functional form for the Hartree-Fock energies and the two point €corr = €2, +aX3
functional form for all correlation energies, where X is the cardinality of a Dunning basis set. The CBS
estimates for Hartree—Fock and correlated methods can be obtained with energy computations for three
or two consecutive basis sets cardinalities and using Equations and respectively. Equation
is considered in the case of an X = TZ, QZ, 5Z extrapolation and Equation defines a X = TZ, QZ

extrapolation, as employed in Table [L.1}

_ ErzEsz — Eéz
-~ Erz —2EqQz + Esz

E (1.26)

oo =tz — L=IZ 4 (1.27)

It should be noted that the extrapolations should not use any cardinality less than X=TZ, as smaller
basis sets tend to produce poor extrapolation results. The robustness of the final FCI/CBS results can be
tested by employing multiple extrapolation schemes and observing if they are in accordance with one another
or not.

The second consideration in the focal point table is the columns (i.e. methods) which systematically
increase with higher orders of coupled cluster. The FPA table reveals the convergence of the correlation
energy by computing increasingly higher order coupled cluster energies, until they become cost prohibited.

Most of the time only the X=DZ cardinality is used for CCSDT and above due to the intense scaling of
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the higher order methods, but in principle, all can be computed and extrapolated if X = TZ and X = QZ
values can be obtained. Many studies consider CCSD(T)/CBS results to be the “gold standard” 2528, Even if
these results are excellent, computing higher order CCSDT or CCSDT(Q) results can confirm the correlation
energy estimation of CCSD(T) and provide an idea of how much error remains due to correlation energy.
Because of this, a FPA is necessary to properly describe cases that are borderline multireference rather
than blindly trusting CCSD(T). Usually, the higher order coupled cluster energies are included as additive
corrections which are assumed to have little dependence on basis set??3Y Using the representative example
of Table one would say that this FPA produces a relative energy that targets the CCSDT(Q)/CBS limit
and certainly demonstrates convergence within chemical accuracy.

The FPA can be further extended to include additive corrections for various physical effects that are
not included in the electronic energy computations. In each case, an additive correction is calculated by
first computing some quantity intrinsic to each product and reactant geometry. This might be the zero-
point vibrational energy (ZPVE) or some difference computed on the same geometry with and without the
inclusion of some treatment to measure its influence (e.g. the frozen core approximation). The sum of the
product values are then subtracted from the sum of the reactant values and the correction is added to the
predicted FPA relative energy. Some corrections are large and necessary to produce a meaningful prediction
while others serve a more diagnostic role and justify assumptions inherent to the geometry optimization
and FPA. For example, a ZPVE correction is usually large and converts the predicted relative energy to
a 0 K enthalpy which is often needed to compare to experiment. Corrections that predict the influence of
the frozen core approximation, scalar relativistic effects, or diagonal Born-Oppenheimer (DBOC) effects are
generally small and have little influence on the final result. If one of these were to be large, it might indicate
that significant error persists in the final result which may warrant further investigation, or in the case of
the DBOC that there is a nearby surface crossing or conical intersection. The specific corrections included
and the levels of theory which they are obtained vary case by case depending on the system being studied.
This research heavily relies on FPA to robustly predict the energetics of the systems in question and ensure

the results are trustworthy for many years to come.

1.7 Natural Bond Orbital Analysis

The previous sections have summarized the methodology used in this research to produce high quality wave-
functions and solutions of the Schrodinger Equation, and therefore, quantitatively meaningful predictions.
Though quantitative predictions are in high demand and form the backbone of this work, they are sig-

nificantly more useful if associated with chemical insights. These insights are often qualitative in nature
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but provide great understanding and flexibility for the findings to be generalized to related chemical sys-
tems. One of the best tools towards this end is Natural Bond Orbital (NBO) analysis, which is utilized
substantially in this work. NBO analysis obtains a set of orbitals uniquely associated with the wavefunction
often referred to as a “chemist’s basis set” as it consists of orbitals that are transformed to correspond to
“Lewis” and “non-Lewis”-type orbitals, rich in chemical intuition. One advantage of this is the ability to
produce numerical predictions that can provide insight into the qualitative trends manifest in the high-level
quantitative results. The variety of tools and insights that NBO can provide to a study are numerous and
the most utilized in this research are discussed with an overview of the theoretical background necessary
to understand them. The following discussion is based on the the excellent reviews and seminal papers of
Weinhold, Glendening, and coworkers. 3135

As shown by Lowdin®%, any wavefunction can be described uniquely by a set of orbitals that are the

eigenorbitals of the first-order reduced density operator (f, as shown in Equation [1.28)).

f@k Zpk@)k (1.28)

The eigenvalue (py) of each orbital (O, is the population (between zero and two for closed shell systems)
and will always correspond to the set of maximum occupancy orbitals. It is often useful to extend this
analysis and instead diagonalize localized blocks of the density matrix that correspond to specific atoms and
produce what is known as preorthogonalized natural atomic orbitals (PNAOs), denoted as p@? for atom
A. These orbitals can be orthogonalized between atomic blocks (using the occupancy weighted symmetry
orthogonalization procedure®”) and produce NAOs which are orthonormal with respect to all other orbitals
within and outside of their respective atomic block. The populations of the NAOs for a single atom sum to
an atomic population which can be summed across atoms to produce the total number of electrons in the
system.

The NAO basis is an important intermediate necessary for the determination of Natural Bond Orbitals
(NBOs). The NBOs are determined via an algorithm that removes all core orbitals (K 4) from the density
matrix via some high occupancy threshold and leaves them unhybridized. Next, the program variationally
searches all possible Lewis structure representations of the molecule, selects the representation that maximizes
the occupancy of the “Lewis”-type orbitals, and sorts the remaining high occupancy orbitals as localized
to single atoms (lone pairs (n4) or between a pair of atoms (a bonding orbital o45). This forms a full set
of NBOs, (K 4)?)(na)?(cap)?, which can be considered the best Lewis structure description of the system.
The sum of each NBO’s occupation relative to the number of electrons in the system is a metric of how well

a particular Lewis structure describes the electronic structure of the system. The NBO analysis prescribed
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is inexpensive and is usually qualitatively robust with respect to method and basis set size.24

One of the first insights from NBOs into a molecular system is their composition based on natural hybrid
orbitals (NHOs). Each bonding NBO is constructed as a linear combination of two NHOs (h 4, hp for atoms
A and B in Equation [1.29) and each lone pair orbital consists of a single h4. The NHOs are themselves

optimized linear combinations of NAOs, represented in Equation [1.30)

oaB = aaha+aphp (1.29)

ha =Y O} (1.30)
k

The a coefficients defining a gap orbital (Equation are known as the polarization coefficients and
determine the polarization of a bond, i.e. the contribution from each NHO to the bond. The coefficients
(¢) in Equation describe the hybridization of each NHO which can put a numerical estimate to the
hybridization which is generally considered conceptual. For example, NBO might predict an sp>” hybrid
directed away from a carbon atom in some bond. This hybridization would slightly change depending on the
nature of the carbon bond and the electronic influence of other moieties in the molecule. The antibonding
orbitals, which can be important for many chemical analyses, are created from this process as well and

constructed as the out of phase analogue of each bonding orbital (Equation |1.31).

J:ZB:thA—aAhB (1.31)

Simply studying the composition of NBOs in a system and considering how their features (e.g. bond
order, hybridization, and polarization) change as a reaction progresses or the system is modified can provide
invaluable insights into the chemistry manifest in our sophisticated wavefunction predictions. In many well
behaved systems, the NBO Lewis structure representation will provide a reasonable description of the system,
that is to say that the core, lone pair, and bonding orbitals contain more than 90 % of the electron density.
However, there always persists some electron density that occupies non-Lewis orbitals and, in extreme cases,
more than one Lewis structure might be necessary to properly describe the system. Even in the first case,
the delocalization of electron density into “non-Lewis”’-type orbitals can have a significant impact on the
energetics of a system. The specific delocalization motifs can be elucidated via the second-order perturbation
analysis of interactions between “Lewis” (denoted by subscript i) and “non-Lewis”-type orbitals (denoted

by subscript a) using Equation m
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(1.32)

The numerator contains the square of the Fock matrix element between orbital ¢ and a. The denominator
is the difference in energy between the unoccupied orbital (e,) and the occupied orbital (¢;), and the entire
fraction is multiplied by the occupancy (g;) of the ith orbital. The absolute values of these E() quantities
are not so important per se, but their relative magnitudes are. The NBO program computes all possible
combinations of E®) values, but most will be negligibly small and not printed if below a set tolerance.
There will however be some terms that are large and help elucidate where electron delocalization occurs in
a molecule and attaches a quantitative estimate to qualitative chemical properties. Thus, given a molecule,
we can begin to explain energetic trends in terms of where electrons delocalize to and how modifications to
the system might influence these patters and relate to our high-level predictions. The E(®) energies can be
leveraged further using the “del” command which zeros out all of a set of particular Fock matrix elements
and then performs the same E(?) analysis, allowing for insights into how our true delocalized wavefunction
might differ from a perfect Lewis picture.

In order to more fully describe significantly delocalized species, Weinhold and Glendening developed
Natural Resonance Theory (NRT)®®#0, The NRT algorithm uses the results of a E®) analysis to predict
other possible Lewis structures that could be valid descriptions of a specie’s electronic density. A full NBO
analysis of each of these alternate Lewis structures is performed and the NRT program uses the results to
determine a weighted average NRT description. Each Lewis structure is given a weight, which in total sum
to 100%. The primary benefit of this analysis is a metric of how valid a single Lewis structure description
of the system is. Furthermore, NRT allows the program to produce weighted average bond orders which are
more accurate descriptions the bond order obtained from a single Lewis representation. All of the previously
discussed NBO methods are utilized heavily in this research and provide invaluable chemical insights into

each of the studied systems, particularly for periodic trends.

1.8 Summary

The previous sections provide a foundation for a general understanding of the methods and theories employed
in this research. The following chapters will present four research projects that explore a diverse set of
chemical species with high-level ab initio methods and explain the chemical insights gained from each study.
The unifying theme of this dissertation is the exploration of trends (particularly periodic trends) manifest

in a set of important chemical systems and how a complete understanding of said trends could be useful
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for further research on more complex systems. Chapter two examines the HOX.--H,O (X= F, Cl, Br, I)
binary complex which are of significant importance to atmospheric chemistry. In particular, the focus of this
study is a quantitative determination of the competition between hydrogen and halogen bonding, as halogen
size increases. The next chapter explores the Pn(CH)s (Pn = N, P, As, Sb, Bi) tetrahedrane species which
have yet to be isolated. Our findings explore how their electronic structure features change with increasing
pnictogen size and how electron delocalization is a primary cause of these changes. Chapter four considers
the reaction of substituted isocyanates with water and their ability to form carbamates and imidic acids.
Our work predicts how substituents and catalyst molecules influence the barriers to product formation and
benchmark all of our findings against highly reliable ab initio characterization of the unsubstituted case.
Finally, Chapter five presents a novel undergraduate chemistry lab exercise that teaches students about the
tension between computation cost and accuracy via ab initio study of the combustion of methane. The
necessity of the exercise is suggested with respect to modern chemical pedagogy and the student learning
goals are summarized in conjunction with detailed explanation of all provided instructional materials. Each
chapter of this work provides detailed background information about each system, specifies the theoretical
methods employed, and presents the data and findings of each study. The conclusions of this research are
unified in their ability to elucidate important periodic trends present in the electronic structures of small

systems with the aim of guiding future chemical research on increasingly complex systems.
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CHAPTER 2

THE HYPOHALOUS ACID-WATER BINARY

COMPLEXES

M. E. Wolf, B. Zhang, J. M. Turney, H. F. Schaefer, Physical Chemistry Chemical Physics 2019, 21 (11),

6160-6170, Reproduced from*with permission from the PCCP Owner Societies.
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2.1 Abstract

Hypohalous acids (HOX) are a class of molecules that play a key role in the atmospheric seasonal depletion
of ozone and have the ability to form both hydrogen and halogen bonds. The interactions between the
HOX monomers (X=F, Cl, Br) and water have been studied at the CCSD(T)/aug-cc-pVTZ level of theory
with the spin free X2C-1e method to account for scalar relativistic effects. Focal point analysis was used
to determine CCSDT(Q)/CBS dissociation energies. The anti Hydrogen bonded dimers were found with
interaction energies of —5.62 kcal mol~!, —5.56 kcal mol™!, and —4.97 kcal mol~! for X=F, Cl, and Br,
respectively. The weaker halogen bonded dimers were found to have interaction energies of —1.71 kcal mol~!
and —3.03 kcal mol~! for X=Cl and Br, respectively. Natural bond orbital analysis and symmetry adapted
perturbation theory were used to discern the nature of the halogen and hydrogen bonds and trends due to
halogen substitution. The halogen bonds were determined to be weaker than the analogous hydrogen bonds

in all cases but close enough in energy to be relevant, significantly more so with increasing halogen size.

2.2 Introduction

In recent years, there has been increasing interest in hypohalous acids (HOX, X=F, Cl, Br) due to the critical
roles they play in the seasonal depletion of ozone in the atmosphere.2220 Hypohalous acids are thought to be
“sinks” for halogen radical species, which also directly react with ozone molecules.?1%2 Kinetics simulations
have indicated that the reaction between HOCI and HCI is necessary to maintain a usable level of activated
chlorine, which is a primary destroyer of ozone.”3 HOX molecules also play a prominent role in biochemistry.
Their oxidative nature makes them extremely reactive with biological structures (e.g., NADH,** DNA >
heme groups,®® cytochrome c®?) and often leads to toxic effects in the human body. The biological toxicity
of HOCI can conversely be beneficial to the human body by acting as an antibiotic for external wound
care."® Additionally, hypohalous acids are relevant in many other fields such as molecular biology®? and
immunology.©®

A unique trait of HOX molecules is their ability to form both hydrogen (HB) and halogen (XB) bonds.
The importance of these two noncovalent interactions cannot be overstated, as they are critical to biological

61l organometallic chemistry,%2 crystal structures,® and many other applications.48 Moreover,

systems,
protonated HOCI is a potential transition state for one of the key reactions leading to ozone depletion,% the
reactivity of which can be intimately affected by existing noncovalent interactions with other atmospheric

molecules. Even more pertinent to our present research is that HOX molecules are often in complex with one

or more water molecules before reacting in the atmosphere.%8"™ The fact that HOX molecules can partici-
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pate in both types of bonds provides a prime opportunity to study the competitive and cooperative nature

AHM and halogen™™1 bonding have been well studied experimentally

of these interactions. Both Hydrogen
and theoretically and we direct the reader to a plethora of literature on both. XB and HB are fundamen-
tally electrostatic processes, however, the importance of dispersion forces are important to correctly model
XB.[CA8692 Tt is widely accepted than the hydrogen bond is the stronger of the two interactions, however,
experimental and theoretical suggest that halogen bonds can be made stronger than hydrogen bonds in a
variety of chemical settings. 237 Therefore it is beneficial to know the accurate relative strengths of the
halogen and hydrogen bonds between HOX and water molecules, as it could affect atmospheric models.
Hypohalous acids are highly reactive and therefore notoriously unstable and difficult to study experimen-
tally."” While spectroscopy has confirmed the presence of HOX species in the atmosphere, 80U only HOF
has been isolated in pure crystalline form."4 To the best of our knowledge no experimental data, is available
quantifying the interaction energy of the HOX molecule and water. A theoretical approach is thus quite ap-
propriate. Previous research groups have published computational studies on the intermolecular interactions
between HOX species and other molecules.?$103 2 By far the most common theory employed in the treat-

ment of these complexes is second order Mgller—Plessest (MP2) theory, often complemented with density

functional theory (DFT). A non-exhaustive list of recent publications includes HOX structural formations

0] 108

with formaldehyde, formamidine,1% formyl halides, 12 phosphorus ylide,"30zone,2%0 and sulfoximine.
The motivation for most of these studies is to analyze the nature of the hydrogen and halogen bonds that
are formed and how the bonding nature changes across the halogen series. In particular, the halogen bond has
quite variable strength depending on the halogen atom involved.” ™3 Properly explaining this trend is key
to a foundational understanding of the relative strength of these noncovalent interactions in more complex
chemical settings. The most comprehensive theoretical study to date of the HOX and water binary complex
is that of Panek and Berski that used DFT to study the hetero and homo binary complexes of HOX (X=
F, Cl, Br) with water.*4 They determined that DFT increasingly underestimated the interaction energies
with a B3LYP functional compared to MP2 (with the same basis set) as the size of the halogen increased.
They also applied symmetry adapted perturbation theory (SAPT) to decompose the interaction energy of
the noncovalent interactions into physically meaningful components, which varied significantly depending on
the halogen involved. Their SAPT results predicted that dispersion interactions were of critical importance
to XBs but not HBs agreeing with the research Anderson and coworkers on halogen bonding in general. ™
A similar paper by Zhang and coworkers used MP2/aug-cc-pVTZ to study all of the homobinary complexes
of HOCL!2 They found six structures and determined with natural bond orbital analysis (NBO) that, for
most structures, donor-acceptor and charge transfer interactions contributed primarily to complex formation.

The NBO analysis also confirmed that dispersion interactions were less important relative to electrostatic
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forces in five out of six structures, in disagreement with the findings of Panek and Berski. M4 Multiple theo-
retical studies have also been published that specifically study binary complexes formed between HOX and
water. An early DFT study of the HOBr- - - HoO was performed by Ying and Zhao in 1997."1% Santos and
coworkers mapped the MP2 potential energy surface of HOBr---Hy0 in 2004,*7 and provides the most
accurate structures to date optimized at the CCSD/6-311++G(2d,2p) level of theory. They determined
that electron correlation had little effect on interaction energies. In 1995, Dibble and Franciso presented

MP2/6-311++G(d,p) geometries along with interaction energies for HOCI1 and water binary complexes.%®

Qiao and coworkers have published related MP2 work on HOBt- - - H,O binary complexes.™

Despite the variety of HOX compounds studied in the literature, there is insufficient theoretical rigor
in the previously mentioned publications. Most studies use modest (by 2019 standards) levels of theory to
optimize geometries and compute energetics. Although DFT functionals may capture interaction energies,
there exists no high level ab initio study to confirm these results. Thus, we cannot know a prior:i if the
functionals used are appropriate. Similarly, many studies use basis sets that may be insufficient. For example,
a paper by Zhang and coworkers presents structures for HOCI binary complexes using the aug-cc-pVTZ basis
set.1 19 However, Dunning and coworkers have published research that establishes the importance of additive
tight d functions in obtaining accurate descriptions of molecules containing Al-Ar atoms.13 Likewise, none of
the previous studies comment on relativistic effects that may arise from heavier atoms like Br and I. Failing
to account for relativity in heavier atoms can seriously skew the true periodic trends of halogen bonding.
The combination of these sources of error creates a need for more rigorous study of these systems. Our work
seeks to provide a rigorous and accurate theoretical study of the binary complexes formed by HOX molecules
and water. Accurate HOX/water structures are computed at the CCSD(T) level of theory, along with a
focal point approach to obtain CCSDT(Q)/CBS interaction energies. Proper treatment of scalar relativistic
effects is included. An in depth analysis into the nature of HB and XB interactions is provided. Our results

can be used as a theoretical benchmark for any future studies pertaining to HOX species.

2.3 Theoretical Methods

Equilibrium geometries were optimized for the HOX monomers (X = F, Cl, Br, I), H,O, HOX: - - OHg, and
XOH- - - OH; structures using coupled cluster theory with single, double, and perturbative triples excitations
[CCSD(T)]LHIH2L a5 implemented in the software package CFOUR.122123 Harmonic vibrational frequen-
cies were computed to ensure each structure was a minimum on its potential energy surface. The SCF
density, coupled cluster amplitudes, and lambda equations were converged to 107'°. Since we are studying

heavy atoms, the inclusion of relativistic effects are needed. The standard one-electron Hamiltonian was aug-
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mented with the one-electron variant of the spin-free exact two-component Hamiltonian (SFX2C-1e)424126
to include scalar relativistic effects for both geometry optimization and harmonic vibrational frequency com-
putations. The use of the SFX2C-1e method requires properly contracted relativistic basis sets. Since the
Dunning basis sets are nonrelativistic basis sets, we used the X2C recontracted basis sets available on the
CFOUR website.12” The aug-cc-pVTZ-X2C basis set’! was used for all bromine and fluorine structures, and
the aug-cc-pV(T+d)Z-X2C basis set’® was used for all chlorine atoms.™ All computations were performed
with the frozen core approximation. Preliminary tests agreed with previous research claiming that for a
proper description of heavy atom halogen bonds, the 3d electrons needed to be correlated for all bromine
containing structures. 28129 Therefore, the aug-cc-pCVXZ-X2C basis?3? set was employed for all structures
including bromine atoms.

Interaction energies, Einy = Ecomplex — (FrHOX + EH,0), were determined by means of the focal point
method developed by Allen and coworkers.t 8721 The three point formula of Feller?* was used to extrapolate
HF energies while the two-point formula of Helgaker?® was used to extrapolate each post-HF energy. Each
extrapolated component is then summed to obtain a CCSDT(Q)/CBS interaction energy. The SFX2C-le
one-electron Hamiltonian was used for our extrapolated energies, along with the X2C recontracted Dunning
basis sets. The focal point computations were performed on the CCSD(T)/aug-cc-pVTZ-X2C optimized ge-
ometries. The CCSDT(Q)/CBS energies were then corrected to account for approximations used in previous
computations. The zero-point vibrational energy correction, AFEzpyE, was computed at the CCSD(T)/aug-
cc-pVTZ-X2C level of theory. The diagonal Born—Oppenheimer correction, AEpgoc, were computed at the
Hartree-Fock level of theory with the same basis set to account for the assumption of fixed nuclei. 131132
A frozen core correction, AFpc = Eag — Frc, was also computed to account for core electron correla-
tion. Eag and Erc were computed at the CCSD(T)/aug-cc-pCVTZ-X2C level of theory with all electrons
and only the valence electrons correlated, respectively.'2 For bromine atoms, the 3d electrons were not in-
cluded in the frozen core approximation. Thus, the final focal point energy for each structure is given by,
FEfinal = Eccspr(Q)—x2c/cBs + AEzpvE + AErc + AEppoc. The corrected energies are used to obtain the
interaction energies between HOX monomer and water.

Natural bond order (NBO) analysis was performed to assess the donor and acceptor nature of the bond-
ing orbitals.®¥ The NBO6.0 package®? as interfaced to QCHEM'? was used to compute the second-order
perturbation energy, E(?) of a hybrid orbital overlap (Equation .

2
Fia

E? =g (2.1)

F;, is defined as the NBO Fock matrix element between donor natural bond orbital i and acceptor
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natural bond orbital a. €; and ¢; are defined as the orbital energy and orbital occupation, respectively, of
natural bond orbital i. The B3LYP functional’®* with the aug-cc-pVDZ basis set was used for all NBO
computations. The orbitals were visualized using the software package Jmol.#>

Symmetry adapted perturbation theory (SAPT) was used to dissect the interaction energies of the hy-
drogen and halogen bonds into physically meaningful components: dispersion, induction, exchange, and
electrostatic (Equation . 1360137 A more detailed description of the decomposition scheme is available in
the supplementary information. SAPT2+3 computations were performed using the Ps14138 software package

with the standard aug-cc-pVTZ basis (The -PP version is employed for iodine).

ESAPT2+3 = EElectrostatic + EExchange + Elnduction + EDispersion (22)

2.4 Results

2.4.1 Equilibrium Geometries

Two types of favorable interactions were found between the HOX monomer and water. One was a binary
complex formed by a hydrogen bond between the hydrogen on the hypohalous acid and the oxygen in
water. These hydrogen bonded (HB) binary complexes are denoted as XOH---OHy. The second type
of interaction was a halogen bond formed between the halogen of the HOX monomer and the oxygen of
water. These halogen bonded (XB) binary complexes are denoted as: HOX:-- OHs. For the XOH- - - OH;
binary complexes, geometries were found for X=F and Cl with each having both a syn and anti conformer
(Figure . For X=Br, the anti conformer was a minimum on the potential energy surface, but the Cg
syn conformer was not (22i cm~! vibrational mode). Panek and Berski found this minimum syn structure
at the MP2/aug-cc-pVTZ level of theory to have a dihderal of 3.2°."14 Scans were performed to search for
a structure that was not C'g but the potential energy surface was found to be too shallow for a minimum
structure at our level of theory. The syn binary complexes were slightly more favorable energetically by 0.07
and 0.11 kcal mol~! for X=F and Cl, respectively.

For the halogen bonded binary complexes, geometries were found for X = Cl and Br. Both syn and anti
conformers were found for HOBr- - - OHy, but only the anti-HOCI- - - OHy structure was found for chlorine
(Figure . The anti-HOBr-OH, conformer is the more favorable conformer by 0.14 kcal mol~!. A
structure for syn-HOCI-OHy was optimized but was not a minimum on the potential energy surface (35i
cm ™! vibrational mode). This imaginary mode was due to the torsional vibration about the halogen bond.

We agree with previous theoretical research that was unable to find any HOF- - - OH; structure. This in part
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Figure 2.1: CCSD(T)/aug-cc-pVTZ-X2C optimized geometries for the hydrogen bonded binary complexes.
The syn conformers are shown on the left and the anti conformers on the right. The hydrogen bond lengths
(in A) and internal X-O-H angles (in degrees) are shown. Atoms are colored gold, green, and purple for F,
Cl, and Br, respectively.

due to the fact that fluorine is more electronegative than oxygen and thus HOF does not have a significant

sigma hole on F.

Figure 2.2: CCSD(T)/aug-cc-pVTZ-X2C optimized geometries for the halogen bonded binary complexes.
The syn conformers are shown on the left and the anti conformers on the right. The halogen bond lengths
(in A) and internal H-O-X angles (in degrees) are shown. Atoms are colored green and purple for Cl and
Br, respectively.

Optimized geometries were computed for all HOX monomers and water so that accurate interaction
energies could be computed. All structures presented have C'g symmetry. We also considered interactions
between a hydrogen from water and the oxygen of HOX, but no such structures were found. All geometrical
structures reported here were confirmed to be minima on the potential energy surface by computing harmonic

vibrational frequencies (Table[6.1]). Cartesian coordinates for all structures are provided in the supplementary
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information.

The most important geometric parameters for each hydrogen bonded binary complex are presented in
(Figure . We highlight the distance between the hydrogen atom of the HOX and water as well as the
internal bond angle of the HOX atoms within the binary complex structure. These parameters are perhaps
the most relevant and interesting with respect to understanding the nature of halogen or hydrogen bonding
in these species. For the syn-XOH- - - OHy structures, the hydrogen bond lengths (1.786 A, 1.796 Afor F ,Cl),
increase slightly going down the halogen series. The anti-XOH- - - OHy structures follow a similar trend (1.799
A, 1.802 A, 1.817 A for F, Cl, Br) Panek and Berski computed MP2 structures with larger hydrogen bond
distances of 1.806 A, 1.808 A, 1.822 A M4 regpectively. Santos and coworkers, who optimized geometries
with CCSD/6-3114++G(2d,2p), also overestimated the syn-BrOH- - - OHj hydrogen bond at 1.858 A7 This
especially large difference may be explained by our inclusion of the perturbative triples correction, as well
as the use of the X2C method to obtain a scalar relativistic corrected geometry. The effect of halogen
substitution on the geometries decreases with increasing halogen size. This is most simply due the decrease
in the electronegativity of the halogen atom, which lowers the ability of the hydrogen to accept electron
density from water. The internal HOX bond angles follow a much less linear trend. For the anti isomers,
the fluorine binary complex has an angle of 97.88° and the chlorine and bromine binary complexes have
angles 102.71° and 102.74°, respectively. The syn isomers follow a similar trend but are approximately 1°
smaller than the anti isomers. The appendix contains the optimized anti-IOH--- OHy complex which has
an interaction distance (1.832 A) that continues the trend and is longer than the bromine case and exhibits
an IOH angle of 104.49°. Interestingly, the same structure was optimized using an effective core potential
at the CCSD(T)/aug-cc-pwCVTZ-PP level of theory without X2C and predicts the same hydrogen bond
distance to less than one thousandth of an A.

The HOX: - - OHs binary complexes have very different geometric parameters compared to the XOH- - - OHy
binary complexes. The energetically favorable ani isomers have halogen bond distances of 2.794 A for the
chlorine structure and 2.747 A for the bromine structure. This is a reversal of the trend for the HB binary
complexes down the halogen series. An explanation is that the larger and more diffuse halogens can be
induced to form a positive o hole that accepts electron density from water.13? We can only compare the anti
binary complexes to the one syn-HOBr- - - OHs structure found, but we note a slight elongation of the XB to
2.759 in the syn isomer. The internal HOX bond angle increases from 102.7° in the chlorine binary complex
to 103.0° in the bromine binary complex. There is a slight decrease in the HOX angle from the bromine anti
to the syn isomer. The appendix contains the optimized anti-HOI- - - OHy complex which has an interaction
distance (2.823 A) that is significantly longer then the bromine case and exhibits an IOH angle of 104.97°.

The CCSD(T)/aug-cc-pwCVTZ-PP halogen bond distance is 0.003 Ashorter than the value obtained using
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X2C, again confirming the accordance of their predictions.

2.4.2 Interaction Energies

The focal-pointed CCSDT(Q)/CBS interaction energies with additive corrections for the XOH- - - OHy binary
complexes are presented in Table The additive ZPVE correction was approximately 1 kcal mol~! for
XB binary complexes and 2 kcal mol~! for HB binary complexes. The DBOC and frozen core corrections
were much smaller, on the order of 0.01 kcal mol~" for the XOH- - - OH, structures. The interaction energies
for the syn isomers were —5.62 kcal mol™' and —5.56 kcal mol~! for X=F and Cl, respectively. The anti
structures had slightly smaller magnitude interaction energies of —5.37 kcal mol~!, —5.28 kcal mol~', and
~4.97 kcal mol™!, respectively. Therefore the substitution of different halogen atoms has little effect on the
strength of the hydrogen bonds. This is consistent with the trend seen in the bond lengths. The significance
of the CCSDT correction increased as the size of the halogen increased from 0.01 kcal mol~* for fluorine to
0.03 kecal mol~! for bromine. The CCSDT(Q) correction is minimal for all structures indicating convergence
with respect to level of theory.

The interaction energies for the halogen bonded binary complexes are much smaller than for the hydrogen
bonded binary complexes (Table . The anti-HOCI- - - OHy interaction energy is only —1.71 kecal mol~!,
which is 3.91 kcal mol~! smaller than the strongest hydrogen bound binary complex. Substituting the CI
atom with a bromine increases the magnitude of the interaction energy by 1.32 kcal mol~! to —3.03 kcal mol—*.
Bromine is the only binary complex with minima for both the syn and anti HOBr- - - OHy structure. The
anti isomer has a slightly larger interaction energy of —3.03 kcal mol™! compared to —2.84 kcal mol~! for
the syn isomer. Halogen substitution also has a significant impact on the ZPVE contribution, increasing it
from 1.07 kcal mol~! in the anti-HOCI- - - OH5 structure to 1.21 kcal mol™! in the anti-HOBr--- OHs. The

increase in the ZPVE is primarily do to a 100 cm™1!

increase in the internal oxygen-halogen bond stretch
mode of the HOX portion of the binary complex. This trend is similar in magnitude but opposite in direction
for the HB structures.

Panek and Berski reported electronic interaction energies for the same binary complex structures at the
MP2/aug-cc-pVT7Z level of theory. For the XOH- - - OHy binary complexes they report interaction energies of
~7.45 kecal mol~! for fluorine, —7.37 kcal mol~! for chlorine, and —7.11 kcal mol~! for bromine. These results
are consistent with our quantitative trend for hydrogen bonds, but predict interaction energies of smaller
magnitude than our corresponding electronic energies for the syn complexes which include the ZPVE.

Likewise, they also report interaction energies for the HOX.-- OHy binary complexes of —2.68 kcal mol~!

for chlorine and —4.00 kcal mol~! for bromine. Again, their interaction energies overestimate the magnitude
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Table 2.1: Focal-point analysis of the interaction energies of the hydrogen bonded XOH- - - OHs structures in
kcal mol~!. The CCSD(T)/aug-cc-pVTZ-X2C equilibrium geometries were used for all computations here.
Bracketed values indicate extrapolated energies or corrections. ¢ indicates an incremental change in the
energy from the previous level of theory. The CCSDT(Q)/X2C-CBS interaction energies and corrections are
shown below in accordance to the formula: Egna = Eccspr(q)-x2c/cBs + AEzpve + AErc + AEpBOC

syn-FOH- - - OHy
HF  +5MP2 +6CCSD +6 (T) +0T +6(Q) NET
aug-cc-pVDZ —6.76 -1.52 +0.28 —-0.46 +0.01 +0.00 -8.44
augcc-pVIZ 639  -1.60  +025 043  +0.01 [+0.00] [-8.25]
aug-ccpVQZ 628 1.68 4029 043 [+0.01] [+0.00] [-8.08]
aug-cc-pVsZ —6.22 -1.64 +0.31 -0.42  [4+0.01] [+0.00] [-7.96]
CBS LIMIT  [6.18] [1.60]  [+0.32]  [0.42] [+0.01] [+0.00] [7.87]

Einy = -7.874+2.1740.0640.02 = —5.62
anti-FOH- - - OHy

HF 46 MP2 +46CCSD +6(T) +5T +6(Q) NET

aug-cc-pVDZ -6.53 -1.29 +0.28 -0.37 +0.01 +0.00 -7.89
aug-cc-pVTZ -6.24 -1.41 +0.25 -0.33  40.01  [+0.00] [-7.72]
aug-cc-pVQZ -6.16 -1.40 +0.29 -0.33  [+0.01] [+0.00] [-7.59]
aug-cc-pVsZ -6.11 -1.36 +0.30 -0.32  [4+0.01] [+0.00] [-7.48]
OBSLIMIT  [6.07] [1.31]  [+0.31]  [0.32] [+0.01] [+0.00] [7.39]

Einy =7.394+1.9440.06+0.02 = —5.37
syn-Cl1OH- - - OH,

HF +06 MP2 +6 CCSD +46(T) +0T +6(Q) NET

aug-cc-pV(D+d)Z  —5.79 -2.27 +0.53 —0.48 +0.03 -0.01 ~7.99
aug-cc-pV(T+d)Z  -5.52 -2.54 +0.54 -0.49  40.03  [-0.01] [-8.00]
aug-cc-pV(Q+d)Z 5.43 2.53 +0.57 049  [+0.03] [-0.01] [-7.87]
aug-cc-pV (5+d)Z 5.39 2.51 +0.58 049  [+0.03] [-0.01] [-7.8]

CBS LIMIT [-5.38] [-2.49] [+0.60] [-0.49] [+0.03] [-0.01] [-7.74]

Eine = ~7.7442.09+0.07-+0.02 = —5.56
anti-CIOH. - - O,

HF +6MP2 46CCSD +6(T) +6T +46(Q) NET

aug-cc-pV(D+d)Z  -5.73 -1.98 +0.48 -0.41 +0.03  -0.01  -7.63
ang-cepV(T+d)Z 554 217 +0.48 040  +0.03  [0.01] [7.61]
aug-ce-pV(Q+d)Z 547 213 4050 040  [+0.03] [0.01] [7.48]
aug-cepV(5+d)Z 543 211 4052 040 [+0.03] [0.01] [-7.41]

CBS LIMIT ~ [541] [209]  [+053]  [0.40] [+0.03] [0.01] [7.35]

Einge =7.35+1.9740.084-0.02 = —5.28
anti-BrOH- - - OHy

HF +6MP2 46CCSD +6(T) +6T +46(Q) NET

aug-cc-pVDZ -5.28 -2.17 +0.48 -0.43 +0.03 -0.01 -7.38
aug-cc-pVTZ 5.09 2.26 +0.49 0.41 +0.03  [-0.01] [-7.25]
aug-cc-pVQZ -5.03 -2.24 +0.52 -0.41  [+0.03] [-0.01] [-7.14]
aug-cc-pVHZ -4.99 -2.21 +0.52 -0.41  [+0.03] [-0.01] [-7.07]
CBS LIMIT [4.97)  [-2.1§] [+0.53] [0.41] [+0.03] [-0.01] [-7.01]

Eine = -7.014+1.954+0.074+0.02 = —4.97
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Table 2.2: Focal-point analysis of the interaction energy of the halogen bonded HOX. - - OHy structures in
kcal mol~!. The CCSD(T)/aug-cc-pVTZ-X2C equilibrium geometries were used for all computations here.
Bracketed values indicate extrapolated energies or corrections. § indicates an incremental change in energy
from the previous level of theory. The CCSDT(Q)/X2C-CBS interaction energies and corrections are shown
below in accordance to the formula: Egp, = EccospT(Q)-x2c/cBS + AEzpvE + AErc + AEpBoc

anti-HOCI- - - OHy

HF +6 MP2 +6 CCSD +46(T) +0T +06(Q) NET

aug-cc-pV(D+d)Z  -1.17 —2.10 +0.52 -0.35 +0.02 -0.02 -3.10
aug-ccpV(T+d)Z 076 -2.35 4056 -0.38  +0.02 [0.02] [-2.92]
aug-cc-pV(Q+d)Z  -0.69 2.36 +0.58 0.39  [+0.02] [-0.02] [-2.86]
aug-copV(5+d)Z  -0.68 2.3 4059 040  [+0.02 [0.02] [2.84]

] ]

CBS LIMIT [0.67]  [-2.34] [+0.59] [-0.40]  [+0.02] [0.02
Einy = —2.8241.0740.044-0.00= -1.71
anti-HOBr- - - OHa

HF +6 MP2 +6 CCSD +46(T) +0T +6(Q) NET

aug-cc-pVDZ -2.50 —2.67 +0.71 -0.41 +0.02 -0.02 —4.88
aug-cc-pVTZ -1.82 -2.93 +0.75 046  40.03  [-0.02] [-4.46]
aug-cc-pVQZ -1.79 -2.90 +0.75 048  [+0.03] [-0.02] [-4.42]
aug-ce-pV5Z 178 287 4075 049  [+0.03] [-0.02] [-4.39]
CBS LIMIT  [-1.77] [-2.84]  [+0.74]  [-0.49] [+0.03] [0.02] [-4.36]

Eint = —4.36+1.214+0.14-0.02 = —3.03
syn-HOBr- - - OHo

HF +6 MP2 +6CCSD +46(T) +0T +6(Q) NET

aug-cc-pVDZ -2.27 -2.62 +0.69 -0.41 +0.02 -0.02 —4.60
aug-cc-pVTZ -1.60 -2.88 +0.73 -0.46 +0.03  [-0.02] [4.20]
aug-cc-pVQZ -1.57 -2.85 +0.73 047 [40.03] [-0.02] [-4.15]
aug-cc-pVHZ 1.56 2.81 +0.73 0.48  [+0.03] [-0.02] [4.12]
CBS LIMIT [-1.55]  [-2.78] [+0.72] [[0.48] [+0.03] [0.02] [4.08]

Eint =4.08+1.1040.14-0.00 = —2.84

of our focal point energies. Dibble and Francisco® report an interaction energy of —5.9 kcal mol~! for
syn-CIOH- - - OHy at the MP4/6-3114++G(3df,3pd)//MP2/6-311++G(d,p) level of theory. This energy is in
reasonable agreement with our focal point energy of —5.56 kcal mol~! but a bit larger in magnitude. For
the bromine binary complexes, Santos and coworkers report interaction energies of —4.2 kcal mol~! for
anti-BrOH- - - OHy and —2.1 kcal mol~* for anti-HOBr- - - OHy at the CCSD(T) /6-311++G (3df,3dp//MP2/6-
311++G(2d,2p)) level of theory (including a basis set superposition correction). The interaction energies
from Santos are both lower in magnitude than the focal point predictions we present here with the halogen
bond significantly showing a deviation of nearly 1 kcal mol™!, indicating the necessity of our focal point
analysis.

The iodine complexes were not analyzed using FPA due to their cost and the availability of recontracted
X2C basis sets for 5Z cardinality, however, CCSD(T)/aug-cc-pCVTZ-X2C interactions were obtained. The
IOH- - - OH; complex exhibits a ZPVE corrected interaction energy of —5.05 kcal mol~! while the HOI- - - OHy
is slightly weaker at —4.38 kcal mol™!, with the lack of additive corrections and FPA likely resulting in slight
overestimates of the interaction energies. It is worth noting that both the XB and HB interaction energy
are in accordance with the trends discussed thus far. We predict a gap of only 0.67 kcal mol~! between

the HB and XB iodine complexes and therefore expect both to be important for any associated chemical
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processes. The corresponding CCSD(T)/aug-cc-pwCVTZ-PP interaction energy predictions were within 0.06
kcal mol~! of the CCSD(T) /aug-cc-pCVTZ-X2C results again demonstrating that the use of an ECP or X2C
produces virtually identical results for this system, as Iodine should be an upper bound for the extent of

relativistic effects in the hypohalous acid series.

2.4.3 Natural Bond Orbital Analysis

NBO results are presented in Figure [2.3] and show the dominant orbital pair interactions. The primary
interacting orbitals are similar for the syn and anti isomers in all structures; thus only the lowest energy
isomer for each hydrogen and halogen bonded binary complex are shown. For each binary complex, the
lone pair electrons from the oxygen of water donate into acceptor orbitals on the HOX monomer. The NBO
scheme™* produces an interaction energy (designated E 2 here) which is a ratio of the Fock matrix element
between orbitals 7 and j and the difference between orbital energies (¢; —¢;). Thus a large E®) energy
corresponds to a large interaction between orbitals ¢ and j. Figure also presents the F(?) values between
the donating and accepting orbitals. For the HB binary complexes, the interaction is dominated by the
donation of the lone pair on the oxygen atom in water into a sigma bonding orbital in the HOX monomer.
The energy of this interaction for the most favorable isomer is 18.6 kcal mol~! for fluorine, 17.8 kcal mol~!
for chlorine, and 15.3 kcal mol~! for bromine.

For the halogen bonded binary complexes, the primary orbital interaction is again the donation of the
oxygen lone pair of water into a sigma bonding orbital of the HOX monomer, for which chlorine has a value
of 3.75 kecal mol~! and bromine 6.92 kcal mol~!. This is consistent with the work of Oliveira and Kraka,
which found for various halogen bonded systems that the primary NBO overlap is from the lone pair of an
electron donor into the bonding orbital of the halogen atom and some electron withdrawing substituent at the
CCSD(T)/aug-cc-pVTZ level of theory.®3 The increasing trend of the E(?) energy with increasing halogen
size is the opposite of the trend observed with halogen bonded structures. Halogen bonds are thought to

form via the donation of electron density into a positive ¢ hole unoccupied orbital on the halogen'3?

, as seen
in Figure [2.3] Based on our results, halogens of increasing size form larger o holes that increase electron
accepting ability. Halogen substitution has a much larger effect for the HOX. - - OH;y than the XOH- - - OHy
structures. For XB and HB binary complexes, respectively, the €; — ¢; component of E®) i essentially the
same, and the Fock energy component is the primary contributor to changes in E(?)| especially for the XB
binary complexes.

Research by Zhang and coworkers? agrees qualitatively with our general trend that hydrogen bonds

have greater E(?) energies than the the orbital overlap of halogen bonds. Zhang reports the primary orbital
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FOH---H,0

— &
-
K2

CIOH--H,0

HOCI---H,0

HOBr---H,0

Figure 2.3: Primary natural bond orbital overlap interactions for the most favorable conformer of each binary
complex. The three hydrogen bonded structures appear first, followed by the halogen bonded structures.
The black arrow signifies the donor acceptor relationship with the F(?) energy printed above in kcal mol~!.
The colors yellow, green, and purple represent F, Cl, and Br atoms, respectively.

interaction energy for the CIOH- - - OHs binary complex’s hydrogen-oxygen sigma bonding orbital overlap as
29.4 kcal mol~!, compared to 10.3 kcal mol~! for the oxygen-chlorine ¢ bond overlap of the HOCI- - - OH,
binary complex for the same interaction. Other theoretical papers that studied other small organic com-
pounds with hydrogen and halogen bonding saw a decrease in the E(?) energy for hydrogen bonds and an

increase for halogen bonds when the halogen atom increases in size 102106 11011201L3

2.4.4 SAPT Analysis

The interaction SAPT2+3 energy decomposition™70 for each binary complex type is shown graphically
in Figure [2.40 The lower energy syn conformers are shown for the HB binary complexes and the ant:
conformers for the XB binary complexes. All SAPT2+3 data is presented in detail in the supplementary
information. For all nine binary complexes, the SAPT2+3 interaction energies, despite underestimating

focal point interaction energies, were excellent qualitative estimates of the relative focal point interaction



energies. However, the SAPT2+3 interaction energies were usually closer to the true interaction energies
than a simpler scheme such as SAPTO energies. 137140 T determine the effect of geometry on the SAPT
results, we ran our level of SAPT theory with the MP2 structures found by Panek and Berski.™ 4 The results

from the MP2 structures and our CCSD(T) structures show differences of less than one kcal mol~!.

FOH---OH;
CIOH---OH;
BrOH:--OH,
[OH:--OH;
HOCI---OH,
HOBr---OH;
HOI:--OH;

O_ -
—5 4 I
—-10 A

Totalsaptz + 3 Elst. Exch. Ind. Disp.

10 A

Interaction Energy (kcal mol')

Figure 2.4: SAPT2+3/aug-cc-pVTZ decompositions are shown for the most energetically favorable conformer
of each binary complex. The decomposition is broken into favorable electrostatic (Elst), induction (Ind),
and dispersion (Disp) terms, as well as unfavorable exchange (Exch) interaction.

It is helpful to examine the trends in the SAPT2+3 components across the periodic trends with increasing
halogen size (Figure . The electrostatic component (labeled “elec”) steadily decreases from fluorine to
iodine in the HB structures. This correlates with the decreasing electronegativity of the halogen atom.
The same effect lowers the coulombic attraction between the donating lone pair and the acceptor hydrogen.
The trend is reversed for the XB binary complexes. Iodine forms a “more positive” ¢ hole than chlorine,
increasing the electrostatic attraction from 4.8 kcal mol~* to 9.8 kcal mol 1.7

The exchange component (labeled “exch”) is perhaps the most interesting, as it does not seem to follow
a periodic trend for the XOH---OHs binary complexes. The exchange energy increases from fluorine to
chlorine but then decreases from chlorine to bromine. This might be due to the competition between atom
size and spatial orientation with respect to the hydrogen bond. Increasing the size of the halogen atom will
increase the orbital overlap of the halogen atom with the lone pair on the donating oxygen. This repulsion

is alleviated by increasing the internal HOX bond angle as well as the HO- - - X bond length, so much so that
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bromine is far enough away from the hydrogen bond that it does not contribute as much to the exchange
component. In the halogen bond structures, the exchange is greatly dependent on the identity of the halogen.
The exchange component nearly doubles from 6.5 kcal mol~! for the chlorine structure to 10.7 kcal mol~!
when bromine is substituted.

Induction (ind) and dispersion (disp) contribute far less to the total SAPT2+43 interaction energies but
are relevant because the exchange and electrostatic terms are opposite and nearly equal. This cancellation
allows for induction and dispersion to impact the final interaction energies significantly. ™1 4HI43l For the
HB binary complexes, induction decreases with substitution of larger halogen atoms. This is due to the
decreasing electronegativities of larger halogens, which yield a smaller dipole. The opposite is true for the
XB binary complexes where the ¢ hole on the halogen becomes more easily induced with a less electronegative
atom like bromine. As expected, the dispersion term increases for all structures when the size of the halogen
increases. It is important to note that in the HB binary complexes, changes in induction are larger than
those for dispersion across the halogen series. For XB binary complexes, induction and dispersion work in
tandem to increase the interaction energy.

Another way to analyze the SAPT decomposition is to consider the sum of the three favorable interactions
(electrostatics, induction and dispersion) and their respective percent contributions. Most noteworthy, is the
fact that the electrostatic component composes between 57% and 59% of this sum for all HB complexes,
while the percentage decreases to between 52% and 54% for the XB structures, providing further support
for the importance of dispersion and induction in the XB complexes. 4% Another noteworthy difference is
that the induction percent contribution decreases and the dispersion percent increases in the HB series with

increasing halogen size. The opposite is true in the XB case.

2.4.5 Comparison of XB and HB

The structures presented in this study highlight the differences between hydrogen and halogen bonds, as
modeled with high level ab initio theory. The most obvious result is the that the halogen bonds are generally
weaker than the hydrogen bonds in all of our HOX-water binary complexes. Our results highlight two reasons

why this is the case:

1. The halogen atoms are much larger compared to the hydrogen atom and therefore will form longer
bonds. This larger distance greatly reduces the electrostatic attraction between atoms; this attraction

is the primary driver for the bond formation based on the SAPT243 schemel3,

2. The oxygen lone pair on water is better able to donate electron density to a hydrogen than a halogen

atom on the HOX molecule. HOX compounds have a partial positive charge on their proton which
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easily accepts electron density from an oxygen lone pair. The dipole decreases with larger and less
electronegative halogen atoms. The halogen bond is not caused because the halogen atom inherently
has a partial positive charge, but because a positive sigma hole is induced on the halogen atom. 8139

The larger halogens have greater polarizabilities which result in more positive sigma hole to accept the

oxygen lone pair.

The dissociation energies of the XOH---OHy binary complexes are much greater than those of the
HOX. - - OHsy binary complexes, but close enough that both types of interactions may occur. The differ-
ence between our weakest halogen bond (HOCI- - - OHy= —1.71 kcal mol~!) and our strongest hydrogen bond
(FOH- - - OHy= -5.62 kcal mol™!) is 3.91 kcal mol~!. Increasing halogen size lessens the gap between hy-
drogen and halogen bonds so much so that the difference between the focal point interaction energies of
BrOH- - - OHy (-4.97 kcal mol~!) and HOBr- - - OHy (~3.03 keal mol™!) is only 1.94 kecal mol~!. This is rele-
vant to atmospheric chemistry where HOBr molecules often bind to water.#4 Our results predicts that both
hydrogen and halogen bonds may be present under atmospheric conditions. This may affect the mechanisms

that lead to ozone depletion from HOX molecules.

2.5 Conclusion

Our work provides the most reliable theoretical study of hypohalous acid and water binary complexes to
date. We have included extensive electron correlation with the CCSD(T) level of theory, used proper +d
basis sets for chlorine computations, and included relativistic effects with the SFX2C-le method. Our
structures were found to have different geometric parameters than previous studies, most noteworthy being
our shorter intermolecular bond lengths. Interaction energies were extrapolated to the complete basis set
limit and CCSDT(Q) level of correlation. The interaction energies decrease in magnitude for the hydrogen
bond binary complexes and increase for the halogen bond binary complexes when the size of the substituted
halogen atom increases.

NBO and SAPT analyses were performed to compare the nature of each type of intermolecular interaction.
NBO analysis displays the trends in electron donation from water to either the H or X of the HOX species.
This donation decreases with increasing halogen size for HBs and increased for XBs. SAPT2+3 analysis
showed that halogen substitution does impact both the interaction energies and the individual components,
especially for halogen bound binary complexes. The largest change was due to the electrostatic interaction
term.

Perhaps the most important result from this research is the large difference in interaction energies be-

tween a halogen bonded and hydrogen bonded binary complex with the same atoms. For the chlorine and
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bromine binary complexes, the difference in interaction energies were around 4 kcal mol~! and 2 kcal mol ™!,
respectively. The difference shrinks to less than 1 kcal mol~! for iodine at the slightly lower CCSD(T)/aug-
cc-pCVTZ-X2C level of theory. This confirms that even though hydrogen bonds are generally stronger than
halogen bonds, they can become close enough in energy, with increasing halogen size that both interactions
must be considered.”?“7 This may have consequences for atmospheric scientists studying the role of HOBr

and HOCI in the depletion of ozone.
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CHAPTER 3

THE HIGHLY STRAINED Pn(CH); (Pn = N, P, As,
Sb, Bi) TETRAHEDRANES: THEORETICAL

CHARACTERIZATION

M. E. Wolf, E. A. Doty, J. M. Turney, H. F. Schaefer, The Journal of Physical Chemistry A 2021, 125 (12),

2612-2621, Reprinted with permission from4®. Copyright 2021 American Chemical Society.
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3.1 Abstract

Recent experimental research by Cummins and coworkers has established the existence of a tetrahedrane
molecule with one CH moiety replaced by phosphorus. We present here the first theoretical studies of
the Pn(CH)3 (Pn = N, P, As, Sb, Bi) class of molecules. Geometries are obtained at the highly reliable
CCSD(T)/aug-cc-pwCVTZ(-PP) level of theory. Harmonic vibrational frequencies are determined and an-
alyzed to confirm the nature of each stationary point and provide helpful findings that may aid in the
detection of each species. Most notable is the result that the geometric parameters associated with the
(CH)3 moiety in the tetrahedrane exhibit little change under pnictogen substitution, while the Pn-C bonds
and C-Pn-C bond angles greatly increase and decrease, respectively. Strain energies are predicted and range
from 110.4 keal mol~! (N(CH)3) to 92.6 kcal mol~! (Bi(CH)3) at the DF-CCSD(T)//B3LYP-D3/aug-cc-
pV(T+d)Z(-PP) level of theory. The obtained geometries are further analyzed with Natural Bond Orbital
(NBO) methods to understand the bonding and electronic structure of each species. We also provide insight
into how different substituents can help make the tetrahedrane structure more energetically favorable due
to electron delocalization into substituent antibonding orbitals. The effect of additional delocalization also
weakens the Pn-C bond, especially for the heavier pnictogens. This work concludes with a list of consid-
erations that summarizes our key findings and motivates future work aimed at producing novel pnictogen

substituted tetrahedrane molecules.

3.2 Introduction

The study of strained molecules continues to be of great interest to both theoretical and synthetic chemists;

146-1511 Strained molecules come in many varieties but are defined by the ITUPAC

see for example references .
as ”exhibiting an energetic enhancement due to unfavorable bond lengths, bond angles, or dihedral angles
relative to an appropriate standard.”122 One way this can manifest is via unusually acute angles at carbon
centers which often results in high energy density materials.12%154 Perhaps one of the most notorious strained
molecules is the tetrahedrane isomer of (CHy4).2%® Each carbon atom has a single bond to the other three
carbons and a fourth single bond to a hydrogen atom oriented away from the cage resulting in 7'y symmetry.
Despite the synthesizing difficulties, tetrahedrane is still predicted to be a possible molecule to isolate due
to its kinetic stability.126

Chemists have made significant progress in characterizing diverse tetrahedrane containing species by

means of numerous theoretical studies. A common strategy has been to substitute the carbon atoms with

other realistic possibilities such as silicon®?, boron1°8 nitrogen®60  germanium®'phosphorust>62,
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163 or lead. 163 Likewise, experimental progress has also been made using this strategy such as the syn-

tin
thesis of AsP3 by Cummins and coworkers%4 in 2009 and the isolation of Di-tert-butyldiphosphatetrahedrane
by Wolf and coworkers just recently.t%? A second far more flexible strategy has been to replace the hydro-
gens on tetrahedrane with different substituents that may make the tetrahedral geometry more favorable.
In 1978, Maier and coworkers isolated the first alkyl substituted tetrahedrane derivative by substituting
the hydrogen atoms with ¢-Bu groups.189 The steric hindrance of these bulky ligands resisted opening of

the tetrahedrane core in what was coined the “corset effect”. This approach has been quite successful

since the seminal work of Maier and coworkers as tetrahedrane derivatives have been isolated featuring

167 168

substituents such as: trimethylsilyls®6?, sulfonyls®%8 and perfluoroaryls.16? These impressive synthetic ac-

complishments have progressed in tandem with continued theoretical study of tetrahedranes with various
substituents, TSI5IT6TIT70HITS

The phosphorus substituted versions of tetrahedrane have been a particular research thrust. In 2019,
Wolf and coworkers synthesized the tetrahedrane containing Po(Ct¢-Bu)s molecule followed shortly by the
work of Cummins and coworkers in 2020 who synthesized the P(Ct-Bu)s tetrahedrane molecule.?® Cummins
and coworkers provide two possible explanations for why this structure could be isolated. First, they argued
that the ¢-Bu groups form an attractive network of 9 hydrogen-hydrogen interactions that “forms the basis
for the corset effect.”'l™ Second, they briefly mentioned that electron density on the carbon atoms could
be delocalized into the substituent orbitals and produce a more energetically favorable structure. Just as
theoretical work has reinforced the claim that tetrahedrane is a reasonable synthetic target®8 due to its
significant kinetic stability, phosphatetrahedrane has also been considered as a potential synthetic target.12
However, this would be a challenging task as Ivanov and coworkers predicted that the phosphatetrahedrane
isomer is significantly higher in energy than the global minimum (i.e. vinylacetylene with the H-C=C- group
replaced by a P=C- group.) by 34.6 kcal mol~! at the CCSD(T)/CBS level of theory.*™ Related work by
Rayne and Forrest predicted that the heat of formation for phosphatetrahedrane is 28 kcal mol~! smaller
than the heat of formation of tetrahedrane computed at the G4AMP2/G4 level of theory?®? which implies that
it might be a thermodynamically reasonable target. The transition state barriers computed by Schreiner
and coworkers predicting that tetrahedrane is kinetically stable, implies that phosphatetrahedrane might be
as well if it undergoes similar decomposition mechanisms.12% Despite this, there have apparently been no
successful attempts to synthesize the unsubstituted phosphatetrahedrane molecule.

With the synthesis of phosphatetrahedrane a plausible possibility in the near future, it would also be
of great benefit for chemists to understand the periodic trends of the entire Pu(CH)s (Pn = N, P, As,

Sh, Bi) series of molecules. It is well known that the standard form of phosphorus, though certainly not

the most thermodynamically favorable, is a tetrahedron and recent theoretical work has also characterized
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the Biy tetrahedral structure. 78 Therefore, there is precedent for small tetrahedral species containing both
light and heavy pnictogens. Cummins and coworkers have made previous progress along these lines in 2009
when they proposed a simple synthesis of AsP3 in a tetrahedral configuration.'4 Following this recent
research, it is reasonable to consider the possibility of isolating any of the Pn(CH)s (Pn = N, P, As, Sb, Bi)
molecules. In this work, we optimize the geometries each of the Pn(CH)s (Pn = N, P, As, Sb, Bi) species and
determine whether they exist as minima on their reliable CCSD(T) potential energy surfaces. We further
the understanding of this series by characterizing how pnictogen substitution affects the geometry, strain
energies, natural charges, dipole moments, harmonic vibration frequencies, and electronic structure of the
Pn(CH)3 molecule. Additionally, we use density functional theory and density fitted Mgller—Plesset second
order perturbation theory (DF-MP2) to analyze the effects of substituting various groups in place of each
hydrogen. We further examine the claims made by Cummins and coworkers of how the substituents influence
the electronic structure of the tetrahedrane center. Natural Bond Orbital (NBO) analysis plays a central
role in this discussion and allows us to characterize the electronic effects that are manifest upon substituent
changes. Our results provide a series of key observations that could aid in understanding features of novel

Pn(CH)3 species and hopefully motivate future work on this system.

3.3 Theoretical Methods

All geometries were optimized via coupled cluster theory with single, double, and perturbative triples exci-
tations [CCSD(T)]LUH9HU2L] correlating all electrons, in the software package CFOUR 2.0.123 The Dunning-

type aug-cc-pwCVTZ basis set was utilized to properly describe the correlation of all electronstO1LCHTE anq

L9181 The additional augmented functions are necessary for

was downloaded from the Basis Set Exchange.
the basis set to have enough flexibility to properly describe such a strained system. Effective core potentials
(ECPs) were employed to model the 10, 28, and 60 innermost core electrons of As, Sb, and Bi, respec-
tively, and account for scalar relativistic effects. All computations involving atoms with an ECP utilized the
aug-cc-pwCVTZ-PP basis set101821483 The Hartree-Fock energy, coupled cluster amplitudes, and Lambda
equations were all tightly converged to less than 10~8. Harmonic vibrational frequencies were also computed
at the same level of theory to confirm that each optimized geometry is properly characterized as a minimum.

The strain energy°21578184 fo1 tetrahedrane was estimated by determining the reaction enthalpy for the

isodesmic reaction™8? defined in Equation 157
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Equation based on the method of Tam and coworkers®® is utilized to determine a qualitative
estimate of the strain energy for each Pn(CH)s (Pn = N, P, As, Sb, Bi) species relative to (CH)4, using a

homodesmotic reaction.

Assuming absence of strain in the (CH3)3CH and Pn(CHs)s species, the enthalpy of this reaction esti-
mates the difference in strain energies between (CH)4 and Pn(CH)s, with a positive value indicating (CH)4
is more strained. The geometry and zero-point vibrational energy (ZPVE) for each species was obtained
at the B3LYP-D3/aug-cc-pV(T+d)Z(-PP) level of theory trHSISEISI Density fitted CCSD(T)/aug-ce-
pV(T+d)Z(-PP) single point energies were obtained for each geometry, corrected with the ZPVE values,
and utilized to obtain the strain energy estimates.

To study the geometric changes upon the substitution of three ¢-Bu groups on the phosphatetrahedrane
parent molecule, it was necessary to employ a lower level of theory. A mixed basis set was chosen to balance
the cost and accuracy or these larger computations. All four atoms of the tetrahedrane center as well as
the most proximal substituent carbon atoms were described with an aug-cc-pV(T+d)Z(-PP) basis set. The
rest of the carbon atoms and hydrogen atoms were described with the cc-pVDZ and aug-cc-pVDZ basis
sets, respectively. The geometric changes due to the addition of the ¢-Bu groups was predicted by a set
of better density functionals which have analytic gradients? (B3LYP182 M05-2X12L BP86192, MN15193)
and wB97X™¥) as well as density fitted Mgller—Plesset second-order perturbation theory® (DF-MP2) as
implemented in Psi4.196 All other smaller P(CR)3 structures discussed in the substituents section were
optimized with DF-MP2 and the aug-cc-pV(T+d) basis set.

Natural Bond Orbital (NBO) analysis was employed to study the electronic structure characteristics of the
five pnictogen CCSD(T) /aug-cc-pwCVTZ tetrahedrane structures and their larger substituted derivatives.=*
The NBO7.0 module® was interfaced with GAMESS* using a def2-TZVP basis set™?199 along with the
B3LYP" functional to model the exchange. One of the most important NBO results is the second order
perturbation energy (E(®)) predicting the importance of different instances of delocalization from Lewis to

non-Lewis type orbitals (Equation [3.3).

Fia

€a — €

E® =g (3.3)

The Fj, term is the Fock matrix element between Lewis orbital (i) and non-Lewis type orbital (a). The
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q and € terms correspond to orbital occupation number and the orbital energy, respectively.

3.4 Results

3.4.1 Geometries

All equilibrium geometries were obtained at the CCSD(T)/aug-cc-pwCVTZ (-PP for elements containing
pseudopotentials) level of theory, and the geometric parameters are presented in Figur All the Cartesian
coordinates can be found in the Supplementary Information. Each structure exhibited C3, symmetry with
the pnictogen atom centered along the Cs axis. Also included in Figure for reference, is the (CH)y4
tetrahedrane molecule which has T; symmetry. Our results are the first to describe the periodic trends that

manifest when the CH group of tetrahedrane is substituted with heavier pnictogens.

Phosphorus
1.071 A

Nitrogen 1.843 A Arsenic 1.984 A

1.073 A

1.468 A 1.462 A

C-N-C Angle: 58.0° C-P-C Angle: 47.0° _ i
N-C-H Angle: 133.2° P-C-H Angle: 144.3° C-As-C Angle: 3.3°
C-C-C-H Dihedral: 162.2° C-C-C-H Dihedral: 134.5° As-C-H Angle: ~ 142.9

C-C-C-H Dihedral: 133.6°

Antimony Bismuth Tetrahedrane

2183 A 2.289 A

1.074 A

1.463 A

1.069 A
C-Sb-C Angle: 39.2° C-Bi-C Angle: 37.1° C-C-C Angle 60.0°
Sb-C-H Angle: 143.8° Bi-C-H Angle: 142.7° C-C-H Angle: 144.7°
C-C-C-H Dihedral: 129.6° C-C-C-H Dihedral: 129.7° C-C-C-H Dihedral: 144.7°

Figure 3.1: Equilibrium geometries optimized at the CCSD(T)/aug-cc-pwCVTZ(-PP) level of theory for
Pn(CH)3 (Pn = N, P, As, Sb, Bi) and (CH)4. The structures exhibit necessary Cs, and Ty symmetries

Pnictogen substitution of tetrahedrane (Pu(CH)s with Pn = N, P, As, Sb, Bi) results in a set of clear
and interesting trends. First, simply from visual inspection, the nitrogen containing N(CH)s molecule looks
different as the hydrogen atoms are close to being in plane with the three carbon atoms. This agrees with the

findings of Rayne and Forrest who predicted the geometries of N(CH)3 and P(CH)3 at the G4AMP2 composite
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level of theory.22? The small atomic radius and large electronegativity of nitrogen is a partial explanation for
why the N(CH)3 deviates from the heavier Pn(CH); analogues. Unsurprisingly, the geometric parameters
that varied most upon pnictogen substitution were those most associated with the pnictogen atom. The
C-Pn bond expands significantly with heavier pnictogen substitution, from a length of 1.493 A in N(CH)s3
to 2.289 A in Bi(CH)3. (Our computed P-C bond length is 0.014 A less than the MP2/aug-cc-pVTZ value
computed in a recent study by Elguero and coworkers?9 and 0.008 A less than the G4MP2 bond length
predicted by Rayne and Forrest) The increasing Pn-C distances are related to the fact that the heavier
pnictogens have much larger atomic radii?™ and diffuse valence orbitals which necessarily require a larger
internuclear distance to form a covalent bond with the the carbon atoms. This suggests that the atomic
radius of the pnictogen is the most important factor for predicting tetrahedrane geometry even in a strained
system. The (CH)4 molecule has a C-C bond length of 1.492 A which is very close to the N-C bond length in
N(CH)3 (1.493 A) but quite smaller than the the P-C bond length in P(CH)3 (1.843 A), verifying that the
N(CH)3 core geometrically resembles tetrahedrane more than the heavier pnictogen substituted analogues.
The (CH)3 moiety is rather invariant under pnictogen substitution as evidenced by the minimal changes in
the C-C and C-H bond lengths.

Another insightful geometric parameter is the C-Pn-C angle. In (CH),4, this angle is 60° as required of a
molecule with tetrahedral symmetry. Our predicted angle measurements can be used to quantify deviation
from a perfect tetrahedron center. For all structures that we optimized, the C-Pn-C angles decreased as
pnictogen size increased. The C-N-C angle was again the closest to a true tetrahedron at 58.0°. The C-Pn-C
angle decreases by 11.0° to 47.0° when the nitrogen is substituted by a phosphorus atom and continues to
decrease to 37.0° for the C-Bi-C angle. The large change in the C-Pn-C angle reinforces the fact that the
Pn(CH)3 is primarily perturbed by the position of the pnictogen atom rather than a significant expansion
and contraction of the three carbon atoms.

One aspect of the (CH)3 moiety that does depend on the identity of the fourth vertex of the tetrahedrane
center is how the hydrogen atoms bend out of the C-C-C plane. The best measure of this is the angle formed
between the midpoint of a C-C bond, the opposite carbon atom, and the corresponding attached hydrogen.
An angle of (0°) would correspond to the hydrogen atoms perfectly in plane with the carbon atoms. Our
geometries predict that the hydrogens deviate from the plane by only 9.1° for N(CH)3 which significantly
increases for the rest of the pnictogen series ( 26.9°, 27.7°, 31.0°, and 31.1°, for Pn = P-Bi, respectively).
For tetrahedrane, this angle is 19.5, indicating a character between the N(CH)3 and P(CH)3 structures. This
trend is in agreement with the work of Schleyer and Jemmis as well as Hoffmann and Elian and coworkers
who determined that there is a correlation between the diffuse nature of the “cap” moiety on an aromatic

system and the degree to which the C-H bonds bend out of the plane of the aromatic molecule.202/203
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3.4.2 Dipole Moments and Natural Charges

The CCSD(T)/aug-cc-pwCVTZ dipole moment of N(CH)3 is 1.95 Debye oriented along the Cg axis towards
the more electronegative nitrogen. The decreasing electronegativity of the heavier pnictogen atoms in con-
junction with their increased distance from the carbon atoms causes the dipole moment to invert and orient
away from the pnictogen atom with decreasing magnitudes of 1.25, 1.06, 0.73, and 0.25 Debye for P, As, Sb,
and Bi, respectively. The NBO natural atomic charges were computed and also help elucidate this dipole
moment trend. For each structure, the carbon atoms carry a partial negative charge. In the case of N(CH)s3,
the carbons exhibit only a slight negative charge of —0.14 but this greatly increases to between —0.43 and
—0.39 for the heavier pnictogens. The nitrogen atom in N(CH)3 carries a significantly larger negative charge
of —0.31, resulting in a dipole moment oriented towards the pnictogen. The heavier pnictogens have a much
smaller electronegativity than carbon which results in them all carrying significant positive charges (0.52,
0.49, 0.51, 0.45 for Pn = P, As, Sb, and Bi, respectively). Cummins and coworkers note that the significant
negative charge carried by the carbon atoms could produce a more energetically favorable structure if it could
be delocalized into the substituents of the Pn(CH)3 molecule, which we discuss in detail in the substituents

section.

3.4.3 Strain Energies

The enthalpy of the reaction defined in Equation is used to estimate the strain energy of the (CH)y
molecule. The equation is balanced with the reactants and products side each containing the same number
of C-C or C-H bonds. Therefore, any nonzero reaction enthalpy is assumed to be primarily a consequence
of the strain possessed by tetrahedrane. Obviously, strain is not the only factor influencing the enthalpy
of Equation [3.I] Nevertheless, this is reasonable enough to provide an excellent qualitative prediction of
the strain possessed by the (CH)4 molecule. Our predicted CCSD(T)//B3LYP-D3/aug-cc-pV(T+d)Z(-PP)
enthalpy of the reaction in Equation is highly exothermic with a magnitude of 134.8 kcal mol~'. Our
predicted strain energy is in reasonable agreement with previous estimates that have been produced at lower
levels of theory. 1272045205

The model of Tam and coworkers was followed to produce Equation 186l We assume that that the car-
bon reference species, (CHs)3CH, and the pnictogen reference species, (CHs)3Pn, posses no strain. Therefore,
the enthalpy of the reaction defined in Equation will be a qualitative estimate of the difference between
the strain energy of (CH), and Pn(CH)s, with positive values indicating that (CH), possesses more strain.

We predict Equation 2 reaction enthalpies of 24.3, 34.5, 38.8, 39.6, and 42.1 kcal mol~! for Pn = N, P,

As, Sb, and Bi, respectively. Each of the Pn(CH)s species is significantly less strained than (CH)4. As the
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pnictogen size increases, the strain energy significantly decreases, likely due to the diffuse nature of the larger
pnictogens. Increasing pnictogen size beyond arsenic only marginally relieves strain as there is less than a
5 kcal mol~! difference in strain energy between the Bi(CH)3; and As(CH)j species. Despite this decrease,
Bi(CH); still exhibits significant strain (92.6 kcal mol~!) and would likely remain a challenging molecule to

isolate.

3.4.4 Vibrational Frequencies

Harmonic vibrational frequencies for the pnictogen substituted tetrahedranes were produced at the same
level of theory as the geometry optimizations and are presented in Table The harmonic frequency data

may be used to aid in the detection of these structures.

Table 3.1: The harmonic vibrational frequencies of the Pn(CH)s molecules at the CCSD(T)/aug-cc-
pwCVTZ(-PP) level of theory, in cm~*.

’ Normal Mode ‘ Physical Description Nitrogen ‘ Phosphorus ‘ Arsenic | Antimony ‘ Bismuth ‘
wi(aq) Pn-C Symmetric Stretch 758 666 514 442 395
wa(ar) C-H Umbrella Motion 1085 799 e 761 739
ws(ay) C-C Symmetric Stretch 1470 1348 1348 1328 1334
wq(as) C-H Symmetric Stretch 3378 3339 3325 3302 3294
ws(az) C-C-C Twist 919 940 954 964 969
wg(€) Pn-C Asymmetric Stretch 655 570 516 471 442
wr(e) Pn-C-H Asymmetric Bend 825 746 724 708 687
wsg(e) C-C Asymmetric Stretch 881 824 821 813 813
wo(€) C-C-C Scissoring Motion 1146 1074 1071 1067 1072
wio(e) C-H Asymmetric Stretch 3344 3314 3300 3278 3269

Vibrational mode wy(a;) describes the stretching of the Pn-C bonds for the Pu(CH)3 (Pn = P, As, Sb,
Bi) species but exhibits significant C-H umbrella-like motion of the C-H bonds for the N(CH)3 species. This
mode (wq) is quite sensitive to pnictogen substitution with a frequency of 758 cm~! for Pn = N shrinking to
a frequency of 395 cm™! for Pn = Bi. w; even changes enough to become the lowest vibrational frequency
for Pn = As, Sb, and Bi. wa(ay) is similar to wy and exhibits umbrella motion of the hydrogens coupled with
some Pn motion. The uniform translation of the heavy atoms explains why ws is not nearly as sensitive to
pnictogen substitution as wy. The N(CH)3 structure is again unique with a wy frequency of 1085 cm~! which
drops significantly to between 799 and 739 cm ™! for the heavier pnictogen analogues. The remaining a; and
as modes have frequencies that differ slightly for N(CH)3 and then exhibit almost no sensitivity among the

heavier pnictogens.
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The rest of the vibrational modes (wg—w1g) are all doubly degenerate with e symmetry. wg features
contraction of a Pn-C bond while the other two Pn-C bonds expand and remain fixed, respectively. The
harmonic frequency for wg decreases from 655 cm™! for N(CH)3 to 442 cm™! for Bi(CH);3 with the largest
change occurring between the lighter pnictogens. For the case of Pn = N and P, wg is the lowest frequency
vibration but is overtaken by w; for the heavier elements. Similar to the higher frequency a; and ay modes,
the rest of the e modes are composed of little pnictogen atom motion and therefore have little sensitivity to

pnictogen substitution.

3.4.5 NBO Analysis

To further understand the characteristics of the Pn(CH)3 molecules, it is helpful to closely examine some
of the prominent features of the electronic structure via an NBO analysis. In particular, we present three
results of the NBO analyses: Natural Resonance Theory (NRT) weights, bond orders, and the hybridization
of the bonding and lone pair orbitals, which provide complementary insights towards a better description
of the Pn(CH)3 electronic structure. It is important to emphasize that the purpose of the NBO results is
to produce a quantifiable description of the qualitative trends predicted by the sophisticated coupled cluster

wavefunction results and connect them to chemical intuition.

H Resonance Weight

/
C N  90.9%
H—C P 89.6%
N As 87.3%

C Sb 84.7%

\ Bi 82.2%

H

Figure 3.2: Natural Resonance Theory weights for the dominant Lewis structure representations.

The NRT resonance weights indicate how well each Pn(CH)3 structure is represented by a single Lewis
structure. The larger the leading resonance weight is, the less electron delocalization occurs in a given
system. Each geometry presented is well described by three Pn-C, C-C, and C-H single bonds and a single
lone pair on the pnictogen as depicted in Figure[3.2] The resonance weight on this dominant Lewis structure
decreases from the nitrogen version (90.9 %) to bismuth (82.2 %), indicating that pnictogen size is positively

correlated to delocalization in the Pn(CH); molecules. The Bi(CH)j3 structure has the smallest leading

47



resonance weight, but the next largest are a triad of degenerate resonance structures corresponding to the
breaking of two of the Bi-C bonds and the formation of a second bond between those two carbons. The
weight for each of these is still minimal though at only 2.9 %. The NRT results confirm the validity of
describing these molecules with a single Lewis structure but also highlight the increasing contribution from

other electronic arrangements, further elucidated by the NRT weighted average bond orders.

Pnictogen Lone Pair

N 1.01
P 1.04
As 1.06
Sb 1.08
Bi 1.10

&

J

Carbon-Pnictogen Bonding

N 099
P 097
As 0.96
Sb 0.94
Bi 0.93

Carbon-Carbon Bonding

N 1.00
P 101
As 1.02
Sb 1.02
Bi 1.02

Figure 3.3: NBO orbital bond orders for key orbitals in the Pn(CH)s structures. The P(CH)s molecule is
used as a representative to visualize the lone pair, C-Pn bonding, and C-C bonding orbitals.

Figure [3.3] presents the NBO bond orders for the pnictogen lone pair, the Pn-C bonding orbital and the
C-C bonding orbital, which are all derived from a weighted average of the representative NRT descriptions.
A bond order of 1.00 describes a formal single bond or lone pair in a traditional Lewis sense. Cummins and
coworkers133 perform a similar analysis for the P(CH)z molecule and produce results that are in excellent
agreement with our P(CH)3 predictions, indicating that the NBO results for this system seem to be insensitive

to the level of theory used to obtain the geometry. Our predictions highlight a noticeable change in the Pn-
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C bonding NBO which steadily decreases from N (0.99) to Bi (0.93), indicating that electron density is
removed from the Pn-C bond as pnictogen size increases. This result may be an additional reason for the
significant increase in the C-Pn distance, up to 2.289 A in Bi(CH)s. The elongated bond is primarily due
to the increasing atomic radius; however the CCSD(T) bond length we predict may also increase due to
electron delocalization away from a formal Bi-C single bond. The electron density from the Pn-C bond
must go somewhere else and clearly accumulates on the Pn lone pair. The pnictogen lone pair bond orbital
population significantly increases from nitrogen (1.01) to bismuth (1.10). The C-C bond order is quite
consistent across all structures and only exhibits a slight increase from N (1.00) to Bi (1.02). The larger
C-C bond order is likely a small portion of the electron density from the Pn-C bond that did not go to the
pnictogen lone pair.

The NBO orbital hybridization also provides insight into the bonding and lone pair orbitals for each
tetrahedrane complex (Figure [3.4)). First, it is helpful to consider the unsubstituted (CH), tetrahedrane.
Each of the four C-C bonding orbital is composed of a 50/50 contribution from each carbon atom, as
expected. The s-orbital character of each C component is 19.8% and the p-orbital character is 80.1%. The
composition of the Pn-C bonding orbitals is perturbed from a 50/50 mix as pnictogen atoms replace one of
the CH moieties.

Figure [3.4) represents the percent breakdown in the hybridization of the Pn-C bonding orbitals as well
as the hybridization of the pnictogen lone pair orbital. The N-C bond orbital is mostly composed of the
nitrogen hybrid orbitals, which is not the case for the other Pn-C bonding orbitals. The high electronegativity
and compact orbitals of nitrogen make this difference unsurprising. For the Pn-C bonding orbitals, there
is an obvious trend as the % s-orbital character decreases with larger pnictogen size. This is likely due
to the need for more p-orbital character in the increasingly longer Pn-C bonds. Cummins and coworkers
note in their NBO analysis that all of the central P-C bonds are composed of significant p-orbital character
(especially for the phosphorus hybrids) which is in agreement with our predictions for the entire pnictogen
series.!23 They also highlight that the carbon hybrid orbitals directed away from the tetrahedrane center

204l o1 the origin of strain energy

exhibit 40% s-orbital character which they connect to Wiberg’s discussion
in (CH)4. We find the carbon s-orbital character directed away from tetrahedrane center remains invariant
with increasing pnictogen size. However, our NBO results predict that the pnictogen lone pair orbitals
significantly increase in s-orbital character with larger, less electronegative pnictogen substitution which

is in agreement with Bent’s Rule that predicts the tendency of s-orbital character to manifest in orbitals

directed towards electropositive groups.
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Pn-C Bonding NBO Composition

% C s-orbital Character

% C p-orbital Character

% Pn s-orbital Character

% Pn p-orbital Character

Pn Lone Pair NBO Composition
% s-orbital Character

% p-orbital Character

Figure 3.4: The composition of the Pn-C bonding NBO and the Pn lone pair NBO. The Pn-C bonding
NBO is divided into contributions from the carbon atom (black and red for s-orbital and p-orbital character,
respectively) and contribution from the pnictogen atom (blue and gold for s-orbital and p-orbital character,
respectively.) The Pn lone pair NBO is divided into s-orbital (black) and p-orbital (red) character.
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3.5 Substituents

The recent work of Cummins and coworkers1®3 described their impressive ability to synthesize a long sought
after phosphatetrahedrane by replacing the hydrogens with ¢-Bu groups. This success motivates an analysis
of how the Pn(Ct-Bu)s structures differ from the Pn(CH)s3 species and more generally how substituents
influence the favorability of these Pn(CH)s structures. To investigate the geometric effects of the ¢-Bu
groups on the parent Pn(CH)3 structures, we obtained the unsubstituted and ¢-Bu substituted structures
with DF-MP2 and a variety of density functionals and the results are presented in the SI. For the optimized
Pn(Ct-Bu)s structures, our predicted P-C bond lengths agree quite well with the P-C distance measured by
Cummins and coworkers via X-ray crystallography™53, exhibiting a at most a deviation of 0.03 A. The C-C
bond predictions unsurprisingly follow suit with at most a deviation of 0.02 A. However, agreement with
the C-C-P angles is slightly worse with our predictions overestimating the measured angle with a maximum
deviation of about 1°, also implying that our methods underestimate the C-P-C angle. Given the cost
limitations to utilizing higher levels of theory and the influence of experimental conditions, our predictions
are certainly trustworthy enough to describe the qualitative trends manifest in the Pn(CR)3 species.

The results from each method predict that the N(C¢-Bu)s structure changes very little upon ¢-Bu sub-
stitution where the heavier pnictogen containing geometries are increasingly sensitive to the ¢-Bu groups.
All methods are in agreement that the ¢-Bu groups are associated with a significant increase in the P-C
bond length, a significant decrease in the C-Pn-C angle, and little change to the C-C bond lengths. The
changes in the P(CH)3 structure following ¢-Bug substitution do not provide much new information on their
own. However, they do provide an opportunity to understand how the changes in geometry relate to the
electronic structure, which might provide more insight into why the P(C¢-Bu)s molecule could be isolated
but the parent P(CH); molecule remains elusive. Cummins and coworkers briefly proposed two features of
the P(Ct-Bu)z system that could elucidate what makes it a more favorable structure. The first is a network
of nine hydrogen-hydrogen attractive interactions between the ¢-Bu groups that “serves as a basis for the so
called corset effect”. This phenomenon is well described by Fokin and coworkers who estimate the magnitude
of the corset effect in the (Ct-Bu), molecule (3.1 keal mol~! at the BSLYP/6-31G(d,p) level of theory) using
an isodesmic reaction.™

The second reason noted by Cummins and coworkers is that substituting a CH moiety from tetrahedrane
with a phosphorus atom increases the partial negative charge on the carbon atoms.’23 Qur previous natural
charge analysis agrees with this claim and further predicts a significant negative charge on the carbons of

each Pn(CH)s molecule. They go on to claim that because of this, substituents that are able to delocalize
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the negative charge should result in more energetically favorable structures. In order to investigate this
claim, further analysis of the delocalization within the unsubstituted P(CH)3 molecule was performed using
the NBO second order perturbation energy results.®5 The E(®) results of the P(CH)3 molecule revealed two
significant donations from Lewis type orbitals to non-Lewis orbitals. They correspond to delocalization from
the C-C bonding orbital to the opposite C-H* antibonding orbital (9.3 kcal mol~!) and donation of the C-P
bonding orbital into the two adjacent C-H* antibonding orbitals (5.4 kcal mol~! each), and are both depicted
in Flgure We will denote bonding orbitals as X-X, antibonding orbitals as X-X*, and a donation between
a Lewis and non-Lewis orbital as X-X — X-X*. All other E(®) values were much smaller, and though they
certainly play a role in the complete electronic structure of the P(CH)s molecule, are dwarfed in importance
by these two dominant interactions. To elucidate some of the specific effects of these interactions, the NBO
deletion command was used. This option allows the user to delete specific Fock matrix elements, recompute
one SCF step with those elements deleted, and then observe the effect on the SCF energy and the new
electron density. From this, we determined what features of the electron delocalization are a result of the

specific deleted interactions.

Key Natural Bonding Orbital Interactions

Donors Acceptors
Pn-C Bonding C-H Antibonding

i

C-C Bonding C-C Antibonding

Figure 3.5: Representation of the primary donor and acceptor NBO orbitals in P(CH)s and P(Ct¢-Bu)s
molecules. The C-C* visualization excludes hydrogens for clarity.
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For P(CH)3, we deleted all three C-C—C-H* and six P-C—C-H* interactions. Blocking these delocal-
ization elements increases the SCF energy by 55.2 kcal mol~! which is not meaningful by itself, but is useful
for later comparisons. In the P(CH)s system, the nine interactions significantly contribute to an electron
density decrease in the P-C bonding orbitals but have little effect on the C-C bonds. All other changes in
electron density (aside from the obvious decrease in the C-H* orbital occupations) were at least an order of
magnitude smaller than the change in the P-C orbital, indicating that the P-C bond strength and distance
is most closely related to donation of electron density from the C-P and C-C orbitals into the C-H* orbitals.

6 in nitro substituted versions of

Similar interactions to these were also noted by Zhou and coworkers?®
tetrahedrane. They found that the as more nitro groups were added, greater C-C—C-N* donation occurred
which drastically increased the C-C bond lengths to the point where they could be easily cleaved and the
structure fall apart.

Having established the effect of these delocalizations on the parent molecule, its is prudent to analyze
how these features change with different substituents on the P(CR)3 molecule. For the P(C¢-Bu)s structure,
the nine aforementioned interactions are still the dominant Lewis to non-Lewis donations and have larger
E® values of 15.4 and 6.3 kcal mol ! for C-C—C-C;_p,* and P-C—C-C;_p,*, respectively. The shift in the
energy upon deletion is significantly higher as well at 71.2 kcal mol !, indicating that the nine interactions
provide about 16 kcal mol~! more favorable interactions to the tetrahedrane structure due to t-Bu substitu-
tion. Just as in the unsubstituted phosphatetrahedrane, another result of these nine interactions is a slight
decrease in the P-C orbital occupations. The P(C¢-Bu)s geometry has three fold symmetry about the tetra-
hedron core within the precision of all geometric parameters we present, despite the overall geometry lacking
symmetry. There is overall little change to the total C-C orbital occupations which, again, is in agreement
with the negligible change in the C-C distances, as predicted by our geometry optimizations. The large
change in the deletion energy going from R=H to R=¢-Bu implies an increased proclivity for delocalization
into the substituent orbitals and associates well with the P-C bond lengths significantly increasing and the
C-P-C angles significantly decreasing. To further confirm this association, a small set of P(CR)3 molecules
(R = H, t-Bu, F, Cl, CHs, CCH, NH,, CF3, and CCF) were optimized and the same analysis performed.
The SCF deletion energy of the principle delocalizations into the C-R* orbitals varied significantly from the
smallest (R = H, 55.2 kcal mol~1) to the largest (R = F, 84.3 kcal mol~!). The trade-off is that this increase
in delocalization is associated with weaker P-C bonds, which may facilitate the tetrahedrane center opening,
despite the energetic advantage. This is further evidenced by a scatter plot (Figure in the SI) between the
total deletion energy of all C-C—C-H* and P-C—C-H* interactions and the predicted C-P bond distance.
There is a very strong association between the two (R? = 0.96), providing further evidence that substituent

selection has a clear relationship to the P-C bond in the P(CR)3 molecules. This highlights the importance
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of selecting substituents which facilitate delocalization into the C-R* orbitals, which is in agreement with
the statements made by Cummins and coworkers."™>3 However, caution should be had in selecting -R groups
that decrease the proclivity for the molecule to form strong enough Pn-C bonds to hold together.

A final insight from this analysis is how delocalization changes with heavier pnictogens substituted into
the Pn(CH)s molecule. The most significant change in the delocalization of the heavier pnictogen containing
molecules is increased delocalization into the Pn-C* orbital. A similar deletion analysis was performed on
the Pn(CH)s structures, again deleting any Fock Matrix element connected to the three C-H* orbitals this
time with a second computation deleting any matrix elements related to the three Pn-C* orbitals. The
deletion energy of delocalization into the C-H* orbitals slightly decreases across the pnictogen series from
49.9 kecal mol~! in N(CH)3 to 43.7 kcal mol~! in Bi(CH)3. The insensitivity of this deletion energy is
likely due to two opposing trends. The decreasing proximity of the larger pnictogens to the C-H* orbital
lowers the deletion energy, while the diffuse nature of the larger pnictogens makes delocalization more facile.
Delocalization into the Pn-C* orbitals is less than 22 kcal mol~! for Pn = N and Pn = P, but increases
rapidly to 46.2 kcal mol ™! in Bi(CH)sz. Thus, for all molecules in the series, there is consistent delocalization
out of the Pn-C orbitals but increasing delocalization into the Pn-C* orbitals. This means that caution in
substituent selection with respect to weakening the Pn-C bond becomes increasingly important as pnictogen

size increases.

3.6 Summary of Pn(CH); Theoretical Insights

Our results have affirmed and extended the claim made by Cummins and coworkers that electron delo-
calization from the tetrahedrane core is an important feature of the Pn(CH)s system. We also find that
the electronic structure effects of the substituents play an important role in determining the favorability
of each tetrahedrane molecule in addition to any other features such as the “corset effect”. Our reliable
CCSD(T) /aug-cc-pwCVTZ(-PP) minima provide a good starting point to suggest that Pn(CH)s species
should at least be considered as synthetic targets in the near future. We combined this foundation with
our substituent analysis to develop and reinforce our chemical intuition concerning the Pn(CH)s class of
molecules. The following is a summary of several general considerations from our analyses that characterize

the features of the Pn(CH)3 tetrahedrane derivatives.

1. The strain energy of the Pn(CH)s molecules significantly decreases with larger pnictogen size and all
exhibit much smaller strain energies than the (CH)4 parent tetrahedrane. This implies that the more
diffuse atoms are able to lessen the energetic penalty of the tetrahedrane configuration. Bi(CH)s is the

least strained species in the series, but still possesses a large strain energy (92.6 kcal mol~1).
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2. Significant delocalization occurs within the P(CR)3 structure with the most dominant cases involving
the P-C—C-R* and the C-C—C-R* antibonding orbitals. The NBO deletion computations revealed
that these interactions disproportionately pull electron density from the P-C bond orbitals and have

little effect on the C-C bonds.

3. Replacing the substituents can significantly increase delocalization into the C-R* orbitals and the
magnitude of which is strongly associated with the P-C bond length. Thus, varying the substituents
can provide greater opportunity for electron delocalization, but caution must be taken such that too

much electron density is not removed from the P-C bonds and the tetrahedrane center is able to open

up.

4. As pnictogen size increases, delocalization into the C-R* orbitals is minimally affected, but there is
a significant increase in electron delocalization into the Pn-C* orbitals. This is associated with lower
Pn-C bond orders and allows for less liberty in selecting substituents that might further weaken the

Pn-C bonds for heavier pnictogens.

We acknowledge that these considerations make no comment on the kinetic or thermodynamic stability
of each structure, which are some of the primary challenges that chemists must overcome to isolate these
elusive molecules. The tetrahedrane configuration is not close to the global minimum so any formation
pathway would need to energetically bias away from it possibly limiting the synthetic strategies that can
be employed. Nevertheless, our work provides a firm theoretical foundation for any future study of related

Pn(CR); species and hopefully motivates the importance of further research on this system.

3.7 Conclusion

This research was motivated by the remarkable recent (2020) synthesis of P(C¢-Bu)s and presents the
most reliable and complete theoretical study of the Pn(CH)s (Pn = N, P, As, Sb, Bi) molecules to date.
We report geometries and harmonic vibrational frequencies at the CCSD(T)/aug-cc-pwCVTZ(-PP) level
of theory, confirming the existence of a theoretical tetrahedrane minimum for each pnictogen considered.
The optimized geometries predict that the C-C bond lengths are rather invariant to pnictogen substitution
while the Pn-C lengths and C-Pn-C angles significantly increase and decrease, respectively, with larger
pnictogen size. Predicted strain energies indicate that all Pu(CH)s species are significantly less strained
than tetrahedrane. The strain energy predictions significantly decrease from 110.4 kcal mol~! in N(CH)3 to
92.6 kcal mol~! in Bi(CH)3. Extensive NBO and NRT analyses also elucidated important features of the

electronic structure of the Pn(CH)3 molecules and their trends across the pnictogen series.
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Further investigations were performed to understand the effects of ¢-Bu substitution on each structure.
Our computations provide evidence that the ¢-Bu substitution increases the Pn-C bond length, has little
effect on the C-C length, and decreases the C-Pn-C angle. Considering a wider array of substituents and

3 we predict significant delocalization of the

building on the observations of Cummins and coworkers™®
negative charge on the carbon atoms in the Pn(CH)s molecules into the C-R* substituent orbitals. The
NBO deletion analysis provides insight into how the delocalization changes upon changing substituents and
with substitution of heavier pnictogen atoms. There is a strong association between delocalization into the
C-R* orbital and the length of the Pn-C bond. Larger pnictogens also weaken the Pn-C bond by donating
electron density into the Pn-C* orbitals. Our results provide insights into the Pn(CH)s class of molecules

and will hopefully motivate and guide future work on this interesting and elusive subset of tetrahedrane

molecules.
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CHAPTER 4

CATALYZED REACTION OF ISOCYANATES

(RNCO) WITH WATER

M. E. Wolf, J. E. Vandezande, H. F. Schaefer, Physical Chemistry Chemical Physics 2021, 23, 18535-18546,

Reproduced from“YTwith permission from the PCCP Owner Societies.
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4.1 Abstract

he reactions between substituted isocyanates (RNCO) and other small molecules (e.g. water, alcohols, and
amines) are of significant industrial importance, particularly for the development of novel polyurethanes and
other useful polymers. We present very high-level ab initio computations on the HNCO + H>O reaction,
with results targeting the CCSDT(Q)/CBS//CCSD(T)/cc-pVQZ level of theory. Our results affirm that
hydrolysis can occur across both the N=C and C=0 bonds of HNCO via concerted mechanisms to form
carbamate or imidic acid with AHyk barrier heights of 38.5 and 47.5 kcal mol~!. A total of 24 substituted
RNCO + H5O reactions were studied. Geometries obtained with a composite method and refined with
CCSD(T)/CBS single point energies determine that substituted RNCO species have a significant influence
on these barrier heights, with an extreme case like fluorine lowering both barriers by close to 20 kcal mol~! and
most common alkyl substituents lowering both by approximately 4 kcal mol~!. Natural Bond Orbital (NBO)
analysis provides evidence that the predicted barrier heights are strongly associated with the occupation of
the in-plane C—O* orbital of the RNCO reactant. Key autocatalytic mechanisms are considered in the
presence of excess water and RNCO species. Additional waters (one or two) are predicted to lower both
barriers significantly at the CCSD(T)/aug-cc-pV(T+d)Z level of theory with strongly electron withdrawing
RNCO substituents also increasing these effects, similar to the uncatalyzed case. The 298 K Gibbs energies
are only marginally lowered by a second catalyst water molecule, indicating that the decreasing AHyk
barriers are offset by loss of translational entropy with more than one catalyst water. Two-step 2 RNCO +
H50 mechanisms are characterized for the formation of carbamate and imidic acid. The second step of these
two pathways exhibits the largest barrier and presents no clear pattern with respect to substituent choice.
Our results indicate that an additional RNCO molecule might catalyze imidic acid formation but have less
influence on the efficiency of carbamate formation. We expect that these results lay a firm foundation for
the experimental study of substituted isocyanates and their relationship to the energetic pathways of related

systems.

4.2 Introduction

In recent years, there has been significant experimental research progress on substituted isocyanate molecules
including substituents such as, -CN2U8 _C1SO,20 _cCcHREIUE _CcH 4212218 _pplalaialsl - CcH,CH,Cl418,
-t-Bu*- and many more.“" socyanic aci is the lowest energy isomer of the Sys-
t-Buslt d alorieall 1 i id (HNCO) is the 1 t i f the HNCO

2921293

tem and the simplest isocyanate , an important class of molecules for many diverse chemical con-

texts. HNCO is an atmospheric pollutant formed via the burning of fossil fuels, cigarette use, and other
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secondary sources.224228/ Many combustion processes are also related to the HNCO species and its deriva-
tives, 182142290230 To6 cvanate molecules are also important interstellar species?HH213231 that are implicated as
critical intermediates for prebiotic precursors such as formamide?32723 thyamine®3>, and urea.?*% One of the
reasons isocyanates are so ubiquitous is their diverse and facile reactivity with many organic molecules218224/237H2391239
thus motivating further research into understanding the important features of reactions involving isocyanates.

Many industrial applications such as coatings, adhesives, sealants, elastomers, and insulation rely on re-
actions involving isocyanates to form useful polymer networks. 20852401248 A key reaction involved in polymer
formation is alcoholysis via the HNCO species to produce carbamates?48249, The rate of this reaction can be

250H252)

significantly modified in many ways by changing substituents on the RNCO or ROH reactants , auto-

253H258 (6] 259H262

catalysis of the reactants , solvent selection®%, or via other more efficiently designed catalysts

such as organotin.263/264

It is well established that HNCO will react with water across either the N=C or C=0 bonds, produc-
ing carbamate and imidic acid, respectively.*>? Raspoet and coworkers predicted with QCISD(T)/6-31G**
that reaction across the N=C bond to form carbamate is favored with a reaction barrier of 37 kcal mol~!,
9 kcal mol~! lower than the barrier to reaction across the C=0 bond. Perhaps the most rigorous determi-
nation of the barrier to carbamate formation is from Nicolle and coworkers in 2016 who predicted a barrier
height of 37 kcal mol~!, relative to the prereactive complex, at the M06-2X/6-3114++G(d,p) level of the-

1253 Both of these studies also note that additional catalytic water molecules significantly reduce the

ory
enthalpy of reaction across both bonds.

Additional theoretical research has helped further understanding of substituted isocyanate species. In
1994, McAllister and Tidwell performed comprehensive structural and isodesmic reaction analyses on a large
selection of substituted isocyanates, with the goal of theoretically motivating the discovery of novel isocyanate

265

derivatives.®® Their work highlights many insightful features of a diverse range of RNCO species, but is

not connected to any particular reaction mechanisms. In the past decade, a series of studies2>14266-273l 15y
Konovalov and coworkers predicted the quantum mechanical features of the Ri{NCO + RoOH (Rq, Ro=Ph,
CHjs, H) reactions in various conditions, including solvent effects and cooperative catalysis with the B3LYP /6-
311++G(df,p) method. However, their small sample size precludes a deep understanding of how substituents
generally influence the reaction energetics. Our preliminary computations also indicate water + HNCO
reaction energies differs by more than 1 kcal mol~! between the CCSD(T)/cc-pVQZ and B3LYP /cc-pVQZ
levels of theory computed on the same geometries. This discrepancy between DFT and CCSD(T) in the
simplest of cases exemplifies the need for rigorous ab initio methods to draw meaningful conclusions from

theoretical study of more complex HyO + RNCO reactions.

In 2013 Wagner and coworkers predicted the barrier heights to the formation of carbamates given a small
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variety of substituted isocyanates (RNCO, R=CHj;, CHyF, CsHs, SiHj, SiH3CH,) with the B3LYP/6-31G*
method.”> They determined that greater electron withdrawing substituents on the RNCO molecule lowered
the barrier to carbamate formation. However, Wagner and coworkers only consider the reaction across the
N=C double bond and exclude any mention of how substituents influence reaction across the C=0 double
bond. They also neglect to explain why electron withdrawing effects influence the reaction barriers. The
results of Wagner and coworkers also demonstrate significant discrepancies based on predictions made at
the MP2/6-31G* and B3LYP/6-311++G(d,p) levels of theory employed in their study (e.g. a 5 kcal mol~!
disagreement for the CH3NCO + CH3OH transition state). More recently, Zhao and Suppes predicted the
enthalpy of reaction for various isocyanates reacting with increasingly larger alcohols to form carbamates with
the B3LYP/6-31G(d,p) method“™. Their work elucidates trends concerning an array of aryl isocyanates and
predicts that increasing the size of the reacting alcohol has little influence on the enthalpy of the urethane
product relative to the reactants. In addition to these works, there are plenty of examples in the literature
of specific Ri{NCO 4 Ry OH reactions studied at various levels of theory.232#220525T2T5276 A]] of this previous
research emphasizes the importance of clearly understanding how substituted RNCO species influence the
electronic structure and energetic landscape of the RNCO + H5O reactions. Despite its significant importance
to industrial chemistry, the literature lacks a comprehensive and reliable theoretical benchmark for this
system and a detailed analysis of the relationship between the isocyanate substituents and the electronic
structure features of these reactions.

Our research builds on this body of research and improves previous characterization of the RNCO + H,O
reactions in four important ways. First, we thoroughly consider the HoO reaction across the isocyanate C=0
bond which is often ignored and assumed to be high enough in energy to be unimportant. Even if that is
generally the case, it would be helpful to test this assumption for many substituents and understand what
conditions might result in exceptions. It is a possibility that imidic acid formation could be favored over
carbamate depending on the energetic barriers of each process. Second, our work rigorously characterizes the
energetic landscape of the parent HNCO + H5O reaction and uses these results to benchmark the levels of
theory used to analyze the substituent trends. Previous studies used differing theoretical methods, making
it difficult to compare results across the literature and determine consistent trends. Our reliable ab initio
results will lay a firm and consistent foundation for any future work on isocyanate alcoholysis reactions.
Third, we systematically study how substituents influence the electronic structure of important cooperative
catalytic pathways (i.e. multiple water or RNCO molecules) that previous research®>0228 has suggested as
very important for these systems. Finally, our sophisticated ab initio predictions are analyzed with Natural
Bond Order(NBO) analyses to provide detailed understanding of the electronic structure manifest in each

process in order to characterize relationships that could generalize to larger or more complex isocyanate
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reactions.

The RNCO + H5O reactions are characterized considering substituents grouped into two categories: the
first group is a fundamental collection of carbon groups, pnictogens, chalcogens, and halogens that demon-
strate periodic trends (R=CHs, SiHs, GeHs; NHs, PHs, AsHo; OH, SH, SeH; F, Cl, Br) while (R=CH,CHs,
CH(CHs)2, CHoCH3CHj3, C(CHs)s, CgHs, CHCH,, COH,CF3, COOH, SO5Cl, and CN) consists of larger
substituents that are more relevant to industrial applications.21%214215 Three important autocatalyitc mech-
anisms (RNCO +2H;0, RNCO + 3H50, and HoO +2RNCO) are characterized considering a smaller subset
of the aforementioned substituents. The influence of substituents on the efficiency of these catalyzed reac-
tions is systematically studied for the first time. Our work should motivate and ground future study of these
and related systems and, our findings can be extended in conjunction with other advanced analyses (e.g.

kinetic models, solvent effects, etc.).

4.3 Theoretical Methods

The geometries for the benchmark HyO + HNCO reaction are obtained using the CCSD(T)10LL9H2 method
via the CFOUR 2.0%23 software package. The Dunning cc-pVQZ basis set is utilized for all stationary points
except for the van der Waals complexes which are optimized with the aug-cc-pVTZ basis set to properly
describe long range interactions. 188270278 Harmonic vibrational frequencies are obtained for each stationary
point using the same level of theory as the geometry optimization and verify each geometry as a minimum or
first-order saddle point (transition state). The connectivity of each stationary point is verified by performing
qualitative intrinsic reaction coordinate (IRC) scans. Relative energies of each stationary point are further
refined utilizing the focal point method of Allen and coworkers.X8"%! The SCF/cc-pVXZ (X=Q,5,6) energy
is extrapolated using the three point extrapolation formula of Feller?? (Eup(X) = Ef% + ae %) and
the correlation energy up to CCSD(T)/cc-pVXZ (X=Q,5) is extrapolated using the two point formula of
Helgaker®™ (Ecop (X) = ES,, + aX ~3) towards the complete basis set (CBS) limit .

A series of additive corrections are obtained to further refine the energy predictions and justify the
approximations used in the geometry optimization. The zero-point vibrational energies (ZPVE) are obtained
from the harmonic vibrational frequency computations producing 0 Kelvin enthalpies (Hox ). Higher order
CCSDT and CCSDT(Q) additive corrections?80 283 are computed with the cc-pVDZ basis set to capture
as much electron correlation as possible and demonstrate convergence towards the FCI limit. A frozen core
correction (Apc) is obtained using the cc-pCVQZ basis set? to account for the difference in the CCSD(T)
energy correlating all electrons and the CCSD(T) energy freezing the core. To account for scalar relativistic

effects, the spin-free exact two-component one-electron (SF-X2c-1e) method along with the decontracted cc-
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pCVTZ basis set is used to compute a scalar relativistic correction (Aye). 12652845288 The correction accounts
for the difference in energy with and without the (SF-X2c-le) method turned on, while correlating all
electrons. Finally, a diagonal Born-Oppenheimer correction (Appoc) is included as a diagnostic at the
Hartree-Fock/ce-pVQZ level of theory to ensure that each stationary point is not influenced by any nearby
conical intersection.!3:132 For the van der Waals complexes, corrections were computed with the appropriate
augmented basis functions, which are detailed in Table S14. All corrections are obtained using the following
software packages: CFOUR 2.0%23 Molpro 2010289, and Psi4.196

Geometries and harmonic frequencies for all species in the HoO + RNCO reactions are obtained using
the MP2[TZ,QZ] + ACCSD(T)/DZ composite method recently highlighted? by Sherrill and coworkers and
implemented in Psi4. The MP2[TZ,QZ] term refers to a density fitted second-order Mgller—Plesset (MP2)
gradient extrapolated to the CBS limit using the cc-pV(X+d)Z (X=T,Q) basis sets and the two-point
extrapolation formula of Helgaker. The ACCSD(T)/DZ term corrects this extrapolated gradient with an
additive density fitted CCSD(T)/cc-pV(D+d)Z gradient, which showed strong correlation with CCSD(T)/cc-
pVQZ results, detailed in the appendix. The energy of each stationary point is further refined with
CCSD(T)/ce-pV(X+d)Z (X=T,Q) single points extrapolated to the CBS limit. For the analysis considering
the influence of multiple catalytic HoO or RNCO molecules, the CCSD(T)/aug-cc-pV(T+d)Z//MP2/jul-cc-
pVITZ,QZ])Z + ACCSD(T)/6-31+G** level of theory 12290295/ i5 ytilized to properly describe the noncovalent
interactions involved in catalysis of the transition state with augmented basis functions while maintaining a
feasible computational cost.

Natural Bond Orbital (NBO) analyses®#3° are performed where appropriate to elucidate the electronic
structure features associated with our predicted results. The NBO 6.0 program is interfaced with QCHEM226

using a def2-QZVP basis set“?? and the B3LYP functional*®® to describe the exchange.

4.4 Results

4.4.1 High-Level HNCO + H,O Reaction

The energetic corrections included in the focal point analysis (Tables behave uniformly across
all stationary points and indicate no anomalous features of this system. The ZPVE corrections are the
largest and are no greater than 5.5 kcal mol~! with transition state ZPVE corrections generally closer to
1.5 kcal mol~!. The frozen core and scalar relativistic corrections are both small and never larger than
0.24 kecal mol~'. The DBOC corrections are negligible and indicate that none of the stationary points is in

the vicinity of a conical intersection or surface crossing. In all cases, excellent convergence is exhibited with
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respect to basis set and higher order coupled cluster terms. These results affirm that our predictions are
well within the bounds of chemical accuracy (i.e. one kcal mol~1) with respect to our electronic energies. It
should be noted that our enthalpy results correspond to gas phase results at 0 K. Any Gibbs Free Energy
results correspond to water vapor at 298 K and 1 atm of pressure which overestimates the entropic effects
manifest in the liquid phase.

Water and HNCO can react via two different concerted mechanisms, with the water O—H bond break-
ing across the N=C double bond to form carbamate or across the C=0 double bond to form imidic acid
(Figure . Both mechanisms proceed through transition states (T'S1 and TS2, respectively) that form
four-membered rings between the two reactants. The predicted TS1 barrier (38.5 kcal mol~!) is much lower
than the TS2 barrier (47.5 kcal mol~!). This is qualitatively in agreement with previous research222:254258
but we predict TS1 to be somewhat higher than the recent work of Nicolle and coworkers who predicted a
relative TS1 AHgk of 35.3 kcal mol™! at the M06-2X/6-311++G(d,p) level of theory.*>* IRC computations
confirm the concerted nature of these pathways and indicate that the reactants begin separated and form
the depicted products. The possible van der Waal complexes formed between HNCO and water (VDW1
and VDW2) are included in Figure but are not definitively part of the reaction pathway and have
small enough binding energies (1.7 and 4.3 kcal mol !, respectively) that they are mostly excluded from our
discussion and would certainly be decreasingly relevant at high temperatures. Figure depicts the 298
K Gibbs free energy surface with the loss of translational entropy leading to an average increase of relative
energies by about 9 kcal mol~! for all stationary points and confirms our assumptions concerning the van
der Waal complexes.

The TS1 stationary point exhibits an imaginary mode of 1726¢ as one of the water hydrogens begins
to form a bond with the nitrogen atom, and the water oxygen begins to bond with the carbon. Natural
Resonance Theory (NRT') predicts the bond order between the nitrogen and the water hydrogen to be 0.49 and
the bond order of the nitrogen and carbon atoms to be 1.48 at TS1. Likewise, the carbon and water oxygen
interaction exhibits a bond order of 0.56. The NBO second-order perturbation (E(?)) analysis indicates that
the most significant delocalization corresponds to electron density donated from the water lone pair into one
of the isocyanate C—O* orbitals (E(2) =144.2 kcal mol~!), which is depicted in Figure This transition
state leads to the highly exothermic formation (—15.6 kcal mol~!) of carbamate (M1). Nicolle and coworkers
predict M1 to posess a reaction energy of —23.5 kcal mol~! (at the CCSD(T)//M06-2X/6-311++G(d,p) level
of theory) relative to water and HNCO, again supporting the need for a rigorous description of the correlation
energy.“>¥ M1 is nearly planar, with the NH, moiety slightly displaced from the plane of the molecule. The
NBO E®) analysis additionally predicts that significant delocalization of the carbonyl lone pair electron

density into the N—C* and O—C* orbitals might be one of the contributing factors to the favorable product
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energy, affirming the findings of Bharatam and coworkers concerning the importance of delocalization in

ureas and related species.2%8

TS1
water oxygen .
lone pair C-O* orbital
——-
TS2
HNCO oxygen -~ O-H* orbital
lone pair ——-

o

Figure 4.2: The dominant predicted NBO E(®) relationships in the TS1 (Top) and TS2 (Bottom) structures.
The electron donating NBO is on the left and the acceptor is on the right.

M1 can proceed through TS4 with a small barrier of 9.5 kcal mol~! corresponding to the rotation of the
hydroxyl group towards the amino group. The resulting product, M3, is moderately higher in energy than
M1 but is a necessary intermediate for TS5 and the ultimate dissociation into NHs and COs. The reaction
barrier for this process is quite high at 35.0 kcal mol~! and is characterized by an imaginary mode of 1799i.
Dissociation to CO and NHj is an exothermic process (9.4 kcal mol~! lower than M3) and results in the
most energetically favorable stationary point on the surface. One noteworthy feature of TS5 is that the IRC
path in the direction of M3 terminates at a new first-order saddle point. This is because TS5 possesses Cs
symmetry and the IRC is unable to break symmetry. Slightly projecting in either direction along this mode
and following the resulting IRC leads to M3 and confirms the connectivity of M4 and NHs + COs.

Water and HNCO can alternatively react through T'S2 which exhibits a 1718i imaginary mode as the
water oxygen begins to form a bond with the isocyanate carbon and one of the water hydrogens begins to
bond with the isocyanate oxygen. The new Ognco-Hyater bond is predicted to have a NRT bond order of
0.32 while the carbon and water oxygen nearly exhibit a formal single bond order (0.90). The dominant E(?)
term in the TS2 structure (90.2 kcal mol~!) corresponds to delocalization of the isocyanate oxygen lone pair

electron density into the most proximal water O-H* orbital as represented in Figure The magnitude of
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this interaction is much smaller than the delocalization predicted in the TS1 structure and the preclusion
of delocalization could be a partial explanation for why T'S2 is much higher in energy. The product M2 of
reaction through TS2 is the planar hydroxylated imidic acid molecule which lies only 2.8 kcal mol~! higher
in energy than water + HNCO. NBO computations indicate that M2 also exhibits significant delocalization
as electron density from both hydroxyl groups is donated into the out of plane C—N* orbital. M2 also
has two other conformers which correspond to rotations of the hydroxyl groups and are predicted to have
CCSDT(Q)/CBS energies of 2.0 and 5.1 keal mol~! relative to M2.

M2 is connected to M1 via TS3, which corresponds to a hydrogen transfer from one of the hy-
droxyl groups to the nitrogen with an associated imaginary mode of 2012i. The barrier for this process
is 30.7 kcal mol~!. Unsurprisingly, M2 lies 18.4 kcal mol~! higher in energy than M1, confirming that the
reaction through TS1 is both kinetically and thermodynamically favored. The formation of M1 via the
step-wise procession through TS2 and TS3 has been debated in the literature?>” and our results seem to
indicate that formation of M1 directly though T'S1 is the most likely option absent of any other effects such

as catalysts.

4.4.2 RNCO Substituent Analysis

In most industrial applications of isocyanates, the parent HNCO species is often substituted with some much
larger RNCO species. The most common -R groups are generally large aromatic rings or long polymers which
can both be modified to possess a diverse array of electronic structure features. Therefore, it is necessary
to understand how different substituents influence the electronic structure and the resulting energetics of
the RNCO + H50O reactions. The AHpk barrier heights and relative product enthalpies are predicted for a
diverse set of 24 different substituted RNCO molecules proceeding through TS1 and TS2. In all cases, the
isocyanate substituents are far enough away from the active site of each reaction mechanism to ensure that
the reaction pathway remains qualitatively invariant to choice of -R group. All possible conformers of each
RNCO species were searched for and considered in this analysis. They are denoted alphabetically with a
subscript A corresponding to the lowest energy conformer if applicable. Conformers other than the lowest
are only considered in the analysis if either barrier height is lowered by more than 1 kcal mol~! relative to
conformer A. We admit that many of the substituents chosen might be unrealistic for industrial applications
but justify the selections for two reasons. 1) The selected subset of substituents (listed in Figure exhibits
a wide array of electronic effects that allows for greater confidence that our predicted trends are robust and
sufficiently span the effects normally exhibited by more standard substituents. 2) The chosen substituents

are small enough to be well described by high-level methods and eliminate as much uncertainty as possible
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due to compromises in level of theory. The goal of our results is that the electronic structure trends are

informative and reliable enough to guide the intuition of more practical isocyanate applications.
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Figure 4.3: Predicted TS1 and TS2 AHok barrier heights at the
CCSD(T)/CBS//MP2[TZ,QZ] + ACCSD(T)/DZ level of theory. The green circles indicate the loca-
tion of the substituents.

Figure summarizes the predicted CCSD(T)/CBS//MP2[TZ,QZ] + ACCSD(T)/DZ barrier heights
for reaction across both the N=C (T'S1) and C=0 (T'S2) bonds of each substituted isocyanate. The parent
case, R=H, has a predicted barrier of 37.8 kcal mol~! which is within the range of chemical accuracy of our
benchmark value targeting the CCSDT(Q)/CBS limit and further reinforces the reliability of this analysis.
The barriers for TS1 are quite sensitive to substituent selection, spanning a range of 19.8 kcal mol~'. The
lowest barrier is predicted for R=F at 23.5 kcal mol~! and the highest barrier corresponds to R=SiHj
at 43.3 kcal mol~!, significantly higher than the R=H parent case. The small main group substituents
unsurprisingly have the largest effect on the barrier height, due to their extreme electron donating and

withdrawing abilities. Generally speaking, most of the more standard hydrocarbon substituents lower the
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barrier to carbamate formation by about 3-4 kcal mol~!. This tight range seems to indicate that the size of
the substituent has only minor influence on the reaction barrier, which is not surprising as Zhao and Suppes
came to similar conclusions considering the size of the reacting alcohol.2™ In TS1 and TS2, the substituents
are opposite from the active site of the reaction and have no proximity to any moieties that might result in
steric hindrance. The one exception to this might be the R=COHg case, as the substituent hydroxyl group
is oriented towards the isocyanate oxygen, resulting in a favorable intramolecular interaction.

The predicted barrier heights for TS2 manifest trends that are qualitatively similar to the TS1 results,
with the TS2 process always significantly less favorable. The TS2 barrier predictions are slightly more
sensitive than the T'S1 predictions and span a range from 21.2 kcal mol™! with the lowest barrier predicted
for R=F (30.1 kcal mol™!) and the highest R=SiHj3 (51.2 kcal mol™!). The most competitive case, R=F,
still predicts TS1 to be the more favorable pathway by 6.5 kcal mol~!. Our results confirm that it is highly
unlikely that the TS2 barrier could be made competitive with the T'S1 barrier by substituent selection alone
in the uncatalyzed RNCO + H3O case, also noting that this conclusion is agnostic to other factors such as
catalysts, solvent effects, etc. Figure[6.5|presents a scatterplot between the substituted TS1 and T'S2 barrier
heights, which correlate excellently, indicating that both barriers exhibit similar relationships to substituent
identity. The supplementary information (Tables S1-S6) also contains the 298 K Gibbs free energy correction
for each reaction which is generally insensitive to substituent choice and is close to 11 kcal mol~! for all
species.

One of the primary goals of this analysis is to elucidate any features of the RNCO molecule that could
predict a priori the barrier heights and provide a deeper understanding of the key electronic structure features
of each mechanism. NBO predictions were utilized to generate results that might be related to the transition
state barriers such as atom charges, orbital occupations, and NRT bond orders. We determined that one of
the best predictors of barrier heights for the RNCO molecules is the occupation of the in-plane C—O* orbital.
Figure depicts a scatter-plot between the TS1 barrier and the C—O* orbital occupation, as well as a line
of best fit that has a high R? value of 0.88. (The R=GeHj3 case is excluded as an outlier because it exhibits
a C—O triple bond at the transition state and is not comparable to the other species.) The C—O* orbital
occupation is an excellent proxy for the electron withdrawing ability of the substituents. Our results are in
qualitative accord with the work of Wagner and coworkers?® who determine, with little explanation, that
electron withdrawing groups lower the barrier to reaction of alcohols across the N=C double bond. Utilizing
the C—O* orbital occupation as a predictive quantity is also appropriate, due to its direct relationship with
the previously discussed dominant E(?) interaction characteristic of the TS1 structure. The association is so
strong because less electron density present in the C—O* orbital allows for more facile delocalization of the

water oxygen lone pair. Thus, the extent to which the C—O* orbital is filled in the isolated RNCO molecule
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Figure 4.4: Relationship between the TS1 (blue) and TS2 (red) AHgk barrier heights, respectively, and the
occupation of the in plane C—O* orbital (depicted for HNCO in the bottom right of the figure) of the isolated
RNCO molecule. Barrier heights are predicted at the CCSD(T)/CBS//MP2[TZ,QZ] + ACCSD(T)/DZ level
of theory.
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will directly relate to energetic barrier of carbamate formation.

Our computations predict that a similar relationship also holds for the TS2 barriers. The line of best
fit for these barriers is red in Figure and also possesses an excellent R? of 0.86. In the unsubstituted
TS2 structure, the dominant E(?) interaction involves the delocalization of the isocyanate oxygen lone pair
into the closest water O—H* orbital. As electron density is removed from the C—O* orbital via substituent
effects, the C—O bond shortens and the isocyanate oxygen lone pair can delocalize more easily. To sum-
marize, electron withdrawing substituents on the isocyanate species lower the barrier to reaction via the
pathways through both TS1 and TS2. This principle can almost certainly be generalized to RNCO reac-
tions with different R-OH species and even related reactants such as RoN—H, because the reaction motif will
remain rather consistent. However, more complicated molecules reacting with RNCO might convolute these
well-behaved trends, introducing new factors such as sterics, dispersion interactions, and exotic electronic
structure features. Nevertheless, we expect our trends to hold given similar reaction motifs and the fact that
the isocyanate substituents are not involved in the active site of the reaction. It is also key to note that the
same correlations hold and maintain their fidelity when using the 298 K Gibbs energies, which usually shift
all estimated values by approximately 11 kcal mol~! regardless of the substituent. Thus, our substituent
analysis seems robust to higher temperature conditions.

The relative enthalpies of the products of each pathway are presented in Figure The carbamate rela-
tive energies (shown in blue) are always exothermic and somewhat sensitive to substituent substitution. They
range from —28.9 (R=F) to —9.7 kcal mol~! (R=SiH3). Highly electronegative substituents such as R=F,
OH, and NHy make the carbamate more favorable than the reactants relative to the R=H case. This is likely
associated with the aforementioned proclivity of the carbonyl to donate electron density into the neighboring
C—-N* and C-O* orbitals. The COHp carbamate product also stands out as being particularly favorable
(see Figure for scatterplot between substituted M1 and M2 relative enthalpies), but this is partially due
to an intramolecular interaction originating from the substituent hydroxyl group. The imidic acid products
are much more sensitive to substituent selection, which is unsurprising as NBO analysis of the parent imidic
acid predicts significantly more delocalization into the C—N* orbital compared to the carbamate. The imidic
acid enthalpies relative to the reactants range from —18.3 (R=F) to 9.2 (R=SiH3) kcal mol~! and many of
the alkyl substituted imidic acid products are predicted to be slightly less thermodynamically favored than
the reactants. There is no case where the imidic acid arrangement is lower in energy than the carbamate
analogue. The closest the two isomers get in energy is 10.1 kcal mol~! (R=F), indicating that they are
unlikely to be thermodynamically competitive in any case. Assuming no catalyst, our data supports that

the HoO + RNCO reaction would favor proceeding through the TS1 pathway independent of substituent.
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4.4.3 Multimolecular Mechanisms

Recent research has highlighted the importance of cooperative mechanisms leading to the same carbamate
and imidic acid products in the presence of excess water or isocyanate molecules.?26"258 Wei and cowork-
ers predicted at the MP2/6-3114++G** level of theory that additional water molecules lower the barrier
to reaction across both the N=C or C=0 bonds.?*8 We present an analysis of how substituents influence
the barrier to carbamate and imidic acid formation considering one catalyst water molecule, two cata-
lyst water molecules, and one catalyst RNCO molecule. Our CCSD(T)/aug-cc-pV(T+d)Z//MP2/jul-cc-
pV([T,Q]+d)Z + ACCSD(T)/6-31+G** results are a significant improvement over previous computations
and allows for confident determination of the trends that manifest in the autocatalyzed energetics due to

substituent effects.

Catalyst Waters

The Hy0O + HNCO products, carbamate and imidic acid, can be formed via a concerted reaction mechanism
in the presence of one or two catalyst waters. In these cases, the catalyst waters form six or eight atom
ring transition states, respectively including either the N=C or C=0 bonds. The IRCs from these processes
connect to pre and post reactive van der Waals complexes which are reasonably strong relative to the
separated molecules (between 5-10 kcal mol~! for the single water catalyzed case at the wB97x-D3/def2-
QZVPPD level of theory). These complexes are excluded from our analysis as they are decreasingly relevant
at higher temperatures, and preliminary computations indicated that substituents have far less influence
on the energy of the van der Waals complexes than on the transition state energies. In certain cases, the
determined enthalpies of the catalyzed transition states are negative relative to the separated products,
but are still referred to as “barrier heights”. This should be understood as a consequence of selecting the
separated reactants as a reference, rather than selecting the water trimer and HNCO molecule as a reference,
for example. Figure[d.6]presents the AHgk barrier heights for each process relative to the separated reactants.
TSN and TSO refer to reaction across the N=C and C=0 bonds and are depicted with blue and red bars,
respectively. The number following this designation indicates the number of water molecules involved in the
reaction.

In all cases, additional water molecules significantly lower the enthalpy of the transition state, with the
first catalyst water having the largest effect and lowering the transition state barrier by at least 20 kcal mol~*.
This is unsurprising and NBO E(®) results indicate significant delocalization between the additional water
molecules, lowering the energy of the transition state ring structures. Catalytic water molecules have a greater

impact on the TSO barriers, which results in the TSO3 and TSN3 barriers being reasonably competitive in
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some cases with a difference of less than 4 kcal mol~! across all substituents. Figure presents 298 K Gibbs
energies for each transition state. One catalyst water molecule still significantly lowers the AGaggk barriers
for each mechanism (TSN1 by at least 11 kcal mol~! and TSO1 by at least 15 kcal mol~!), regardless of
substituent . However, the energetic benefit of a second catalyst water is negligible as it is overcome by the

8 who

loss of translational entropy. This is in qualitative agreement with the work of Wei and coworkers2>
demonstrate convergence in the Gibbs energy of the reaction barriers with more than two catalyst waters.
The data in Figure clearly indicate that the substituent selection plays a significant role in the
energetics of the water catalyzed transition states. The previous relationship between substituent and barrier
height in the HoO + RNCO case no longer holds with these different mechanisms, at least not for the same
reasons. In the case of TSN2 and TSN3, there is a weaker correlation between the RNCO C—O* occupation
and the barrier height, as the dominant E(?) interactions have changed with the new mechanism. We observe
that in TSN2 and TSN3, the NBO method predicts a transition state where the nitrogen exhibits two lone
pairs. The first lone pair is of almost entirely p-orbital character, while the other, from the broken N=C
bond, is significantly hybridized. The p-orbital character of this second lone pair correlates quite strongly
with barrier heights (R?=0.93 and 0.92 for TSN2 and TSN3, respectively. See Figure ) and can be
explained in terms of Bent’s rules. Strongly electronegative substituents direct more p-orbital character from
the nitrogen in the R-N bond, which increases the p-orbital character of the second nitrogen transition state
lone pair and increases the proclivity of a N=C double bond breakage. In the TSO2 and TSO3 cases, we
cannot make the same argument, but we do note that the RNCO C-O* occupation correlates extremely
well with the barrier heights (R? = 0.84 and 0.85 for TSO2 and TSO3. See Figure ) There is not
a clear single explanation for this relationship, but it does confirm that the electron withdrawing ability of
the RNCO substituent is a reliable predictor for how much one or two water molecules catalyze imidic acid

formation.

Catalyst RNCO

An additional RNCO molecule can also catalyze the reaction between water and RNCO to form carbamate

or imidic acid through two-step mechanisms, as previously described by Cheikh and coworkers256

(see Fig-
ure . The mechanisms towards severing the N=C and C=0 bonds both begin with six-membered ring
transition states, with the catalyst RNCO nitrogen abstracting a water hydrogen and its carbon attacking
the other RNCO nitrogen (TSN4) or oxygen (TSN, ), respectively. The IRCs for these processes again
trace to initial van der Waals complexes which need not be explicitly considered. Proceeding through these

transition states forms intermediate species (INT-N and INT-O, respectively) which are energetically fa-

vored relative to the separate reactants. The final step proceeds through TSNp and TSOp, breaking a
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C—N or C-0 bond of the intermediate as one of the amino hydrogens is transferred from the leaving RNCO
molecule to the nitrogen or oxygen of the desired product. There are two noteworthy features concerning the
energetic landscape of these multi-step reactions. First, the INT-N stationary point is significantly lower
in energy compared to INT-O. This is probably due to the central linking moiety as either C-NH-C or
C—-0-C, respectively. The latter likely suffers from steric hindrance of the carbons which impede a favorable
C—-0-C bond angle. Second, in both cases, the second set of barriers (TSN and TSOgp relative to INT-
N and INT-O, respectively) are the rate limiting step. The second barrier for the carbamate formation
process is particularly high (54.4 kcal mol~!), due to the energetic favorability of the INT-N species which
seems to indicate that this multimolecular mechanism is likely not a catalyst for carbamate formation, as
this barrier is higher than the uncatalyzed barrier through TS1 in the HoO + HNCO case. However, the
barrier between TSOg and INT-O is only 39.5 kcal mol~!, which might indicate that the imidic acid route
is slightly favored with an additional isocyanate in the unsubstituted case. Additionally, the fact that the
RNCO catalyzed reactions must proceed through two significant barriers would likely inhibit the catalytic
efficiency of these pathways.

Substituents significantly influence the energetic landscape of the 2RNCO + H5O reaction. The barrier
heights (0 K enthalpies and 298 K Gibbs energies) are presented in Figures and for each substituent
case. Generally speaking, the barrier to form the TSN and TSO, six-membered ring transition states
are decreased by electron withdrawing groups and increased by electron donating groups, similar to the
water catalyzed cases. In the carbamate formation mechanism, the barrier through TSNy is significantly
less than the barrier through TSNp for all substituents. The lowest barrier through TSNgp is the case of
R=F (38.9 kcal mol~!) which does not compete with the uncatalyzed FNCO + H,O barrier. There is no
clear single feature of either the INT-N or TSNy stationary points that definitively correlates with the
TSNpg barrier height. We do note many competing factors that might influence these barriers, such as the
extent of delocalization of the carbonyl groups in INT-N, the strength of intramolecular hydrogen bonds
in INT-N, steric repulsion of the intermediate’s carbon atoms, the acidity of the proton transferred in the
TSNpg process, and the strength of the C—N bond breaking in TSNg. The convoluting influence of all of
these factors makes a clear explanation for the TSNg barrier height trends elusive.

The RNCO catalyzed imidic acid formation pathway exhibits many similarities to the carbamate forma-
tion pathway. The first barrier (TSO,) follows a very similar pattern with respect to substituent choice,
except that the barriers are generally higher than TSNy, in each case by about 5 kcal mol~!. The key
difference in the imidic acid formation pathway is that the second barrier through TSOg is much smaller
and is predicted to be between 34 and 42 kcal mol~! across all the substituents considered. In every case,

the energetic barriers from the respective intermediate structures through TSOg are much lower than the
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barriers through TSNg. This suggests that catalysis via an additional RNCO molecule could favor the
imidic acid product over the carbamate product. This is certainly a consequence of the INT-O structure
lying so much higher in energy than INT-IN. Again, there are too many factors to provide a definite single
explanation for how the substituents influence the TSOg barriers, but many of the same reasons mentioned
in the previous paragraph are factors here as well.

Even though a mechanism exists for the RNCO + H5O reaction with an additional catalyst RNCO species,
the energetic barriers likely remain too high to be significant without the involvement of other factors. The
necessity of overcoming two substantial barriers, partially due to the favorable intermediate structures,
implies that these pathways are not nearly as competitive as the water catalyzed pathways. Considering the
298 K Gibbs energy makes matters worse as the TSN and TSO, barriers increase by about 20 kcal mol ™!
due to the loss of translational entropy. With the Gibbs energy considered, the RNCO catalyzed pathway
would hardly compete with the uncatalyzed RNCO 4 H5O reaction and would likely be far less efficient than
catalysis with excess water based on our results. One should note however that Cheikh and coworkers studied
the PhNCO + isopropyl alcohol reaction and determined that both excess alcohol and PhINCO catalyzed the
formation of the carbamate product“®. They note that solvent effects can significantly influence the energy
of the hydrogen transfer process through TSNp and TSOgp which confirms that other factors beyond gas
phase predictions are necessary for a full description of these systems. Nevertheless, our substituent analysis
of the 2 RNCO + H5 O reactions should be insightful for further research on these systems in more complicated

environments.

4.5 Conclusion

Our work presents the highest level ab inito study to date of the important RNCO + H5O reactions, with
the goal of guiding experimental progress of novel isocyanate containing reactions. We characterize the
fundamental stationary points of the reactions of water across the HNCO N=C bond to form carbamate
and across the C=0 bond to form imidic acid, with energies targeting the CCSDT(Q)/CBS level of the-
ory. Composite method geometry optimizations consisting of MP2 and CCSD(T) refined with large basis
CCSD(T) single points, describe the influence of 24 RNCO substituents on the barriers to carbamate and
imidic acid formation. NBO analysis reveals that the occupation of the in-plane C—O* orbital of RNCO is
strongly associated with higher T'S1 and TS2 barriers, due to the the electron delocalization motifs present
in the transition states. The most extreme electron withdrawing substituent (R=F) lowered both barriers
(AHgk) by at least 13 kcal mol~! and most alkyl substituents lowered the barriers by around 4 kcal mol~!.

The catalytic influence of one extra water, two extra waters, and one extra RNCO species are predicted
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and discussed with respect to different substituted RNCO reactants. Electron withdrawing substituents
significantly lower the barrier to carbamate and imidic acid formation in the water catalyzed cases. For the
TSN2 and TSN3 barriers, the lower barriers are likely related to Bent’s rule influencing the proclivity of
the nitrogen to break the N=C bond. We also find that the TSO2 and TSO3 barriers are highly associated
with the C—O* occupation in the RNCO reactant. The 298 K Gibbs energies predict very similar barriers
in the one and two water catalyst cases. Thus, the ability of the second catalyst water molecule to lower the
enthalpy of reaction is offset by the loss of translation entropy manifest at higher temperatures and confirms
the findings of Wei and coworkers?>® that many additional waters produce only marginal catalytic efficiency.
A catalytic RNCO molecule results in two-step mechanisms towards carbamate and imidic acid formation.
Our results indicate that the highly favorable intermediate in the carbamate formation pathway (INT-IN)
makes the second barrier large and an unlikely path for carbamate formation regardless of substituent.
However, the second barrier in the RNCO catalyzed imidic acid formation pathway (through TSOg) is
significantly lower and might indicate more efficient imidic acid production in the presence of excess RNCO
species. The complex factors involved in these RNCO catalyzed pathways did not reveal any clear trends
with respect to substituent implying needs for additional work on a case by case basis for more complicated
systems in order to more fully understand these RNCO catalyzed pathways. Our work lays a firm theoretical
foundation for the RNCO + H2O class of reactions and provides insights that might guide future experimental

work on these industrially relevant species.
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CHAPTER 5

METHANE COMBUSTION ENERGY: AN
UNDERGRADUATE CHEMISTRY LAB
EXPLORING COMPUTATIONAL COST AND
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5.1 Abstract

Over the past half century, computational chemistry has evolved from a niche field to a ubiquitous pillar of
modern chemical research. Driven by the increased demand for computational chemistry in research settings,
the undergraduate curriculum has evolved alongside, to ensure that students are well equipped for modern
research. Towards this end, many excellent computational chemistry exercises have been developed that
aim to teach students what kinds of questions computational chemistry can answer and how to properly
interpret the results. However, there has been far less attention given to the complexities of determining
how reliable computational results are and how constraining computational scaling can be. We present an
undergraduate lab exercise that uses ab initio methods to predict the combustion energy of methane. The
exercise walks students through the process of benchmarking error on a small system (methane), estimating
the computational cost to perform the same analysis on a larger system (propane), and justifying an affordable
yet accurate method for a hypothetical study of the larger system. Furthermore, students are introduced
to other cost saving measures like basis set extrapolation and additive corrections. The entire exercise is
intentionally designed to require little technical knowledge of computational chemistry and flexibly graft
into a standard undergraduate curriculum. In order to ensure accessibility, the exercise utilizes the free
open source software Psi4 (available on any OS) and provides a detailed installation and use guide for
completing this lab. This lab will provide students the understanding for how to properly judge, select, and
justify different computational models where cost and accuracy compete; a highly desirable set of skills that

generalize to any computational science.

5.2 Introduction

Computational chemistry has become an increasingly important sub-disciple as theoretical results have con-

2991300

sistently proven useful for a diverse array of applications such as drug design , natural product syn-

3021303 3041305

thesis® material science , and high-accuracy spectroscopy. Chemists have been so fruitful with

these endeavors by taking full advantage of the rapid expansion of computational resources over the past few
decades. As a consequence of this, undergraduate chemistry curricula now more frequently teach or at least
expose students to computational chemistry and its applications. Some of the most natural places to graft

computational chemistry training into an undergraduate curriculum have been general®%8 organicB07H309

S10H3151 with students generally learning a handful of prototypical applications

and physical chemistry courses
parallel to the main content of each respective course. However, most of these computational labs or exercises

focus on teaching students very niche methods that they will likely not encounter outside of the classroom

79



unless they pursue a computational chemistry career. At the same time, many of these labs are designed
so that students see what kinds of questions computational methods can answer rather than teaching them
how to think like computational chemists. This pedagogy was historically appropriate when computational
methods were merely auxiliary tools for chemical research. Now however, the ubiquity of computational
methods for all sub-disciplines of chemistry (and most scientific fields in general) demands that chemistry
students begin to develop the necessary skills to properly produce and interpret computational results.

In a seminal review concerning the introduction of computational chemistry into the classroom®8,

DeKock and coworkers reference six steps of a computational chemistry study=:"

(arguably generalizeable
to computational studies in any field) proposed by Trinajstic: (1) Problem identification, (2) Theoretical
framework development, (3) Numerical approach, (4) Relevant computation, (5) Interpretation of results,
(6) Documentation. We suggest that much of the current material for computational chemistry education
does an excellent job introducing students to items 1,5, and 6. Items 2 and 3 are understandably beyond the
scope of most undergraduate audiences (primarily due to insufficient mathematics prerequisites.) and gener-
ally reserved for specialists in most cases. The fourth item, relevant computation, is somewhere in between.
In one sense, significant focus is given to the kind of computation (e.g. geometry optimization or reaction
energy) necessary to answer a question; so much so that Davidson warns against overemphasizing this step at
the expense of the others and performing computations that lack necessary context.?8 On the other hand,
little attention is usually given to the quality of selected methods and therefore their ability to properly
address the research question, particularly in terms of comparison to experiment. Davidson goes on to warn
that “ “the user of the elaborate program packages and supercomputer resources must have a fairly deep
understanding of the subject if sensible results are to be obtained. The user must specify the basis set, the
initial geometry, the correlation method, etc. More importantly, the user must understand the relationship
between the experiment and what can be reliably computed.” 8 DeKock and coworkers concur and assert
that failure to do so properly can lead students and even instructors to doubt the reliability of their own
computational predictions®% a detrimental takeaway for students learning computational chemistry. Some
recent educational articles, for example, do address the complexities of determining a “relevant computation”
by introducing students to the method dependence of results and even some advanced techniques like basis
set extrapolation®13312519 - However, model selection (and the logic to do so properly) is often a tangential
topic as students cannot be expected to understand the technical details of different models or have the
time available to perform expensive benchmark analyses. This warrants creativity in developing lessons that
guide students towards understanding the selection and justification for methods used in a computational
study, which seems to persists as a weak spot in current undergraduate chemistry education. The exercise

we propose will address this gap by focusing on how the goal of obtaining accurate results is always limited
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by the constraint of computational cost using an ab initio study of a fundamental chemical process.

The constant tension between computational cost and the reliability of results is a reality present in
every sort of computational science including ab initio quantum chemistry. Despite the fact that compu-
tational resources are consistently improving, the scaling of many quantum chemical models far outpaces
these technological and algorithmic improvements. This practically results in a short-run scenario where
computational resources are essentially fixed. Theoretical chemists are constantly improving the algorithms,
paralellization, and development of new methods, but this takes time and rigorous benchmarking. At best,
improvements usually reduce scaling factors slightly rather then change the nature of the exponential scaling
exhibited by ab initio methods. Therefore, at any given time, chemists applying currently available quantum
chemical models need to make difficult decisions about the complexity and paramaterization of their selected
models and deal with the consequential error manifest in each. The important principles and decision mak-
ing paradigms to do this well in an ab initio context can be generalized to other computational chemistry
applications and many broader applications of computational science.

We propose an undergraduate physical chemistry laboratory exercise that utilizes high level ab initio
techniques to study the combustion energy of methane (CH; + 205 —— CO5 + 2H50) as a representa-
tion of the cost-benefit decision making process intrinsic to computational chemistry study. This exercise is
appropriate for upper level undergraduate students who are already familiar with basic physical chemistry
concepts like the Schrodinger Equation, reaction energetics, enthalpy, etc. Although this analysis relies on
sophisticated methods such as coupled-cluster and technical concepts like basis set design and extrapolation,
we intentionally avoid in-depth discussion on these topics and instead focus on the pragmatic interpretation
of their results. The exercise focuses primarily on the balance between the error and computational cost
of various combinations of method and basis set, aimed at predicting the reaction energy of methane com-
bustion. These findings will be used as a benchmark for the hypothetical study of the combustion energy
of propane. Students will hopefully accomplish the following by completing this lab exercise: 1) gain an
appreciation for the necessity of testing different models and their relative errors rather than assuming com-

9

putational chemistry is “black box” or “mindless”; 2) become familiar with the concept of computational
scaling and how quickly an increase in parameters results in an infeasible computation time; 3) practice the
skills needed to justify and communicate the quality of model selection based on a benchmark study. The
flexibility of this lab allows instructors to discuss more advanced topics such as geometry optimization, basis
set composition, specific ab initio methods, and various other technical topics. However, the lab can be
completed independent or agnostic of many of these technical details depending on the context of the course

and student background knowledge. The rest of this work will provide a simple summary of the theoretical

background necessary for instructors to teach the content. This is followed by in-depth explanation of the
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logic behind the design of each part of the exercise and the modifications possible to enhance student learning

such that instructors are equipped to maximize the efficacy of the provided materials.

5.3 Brief Theoretical Background

The cornerstone of this exercise and all other ab initio studies relies upon ground state solutions of the
time independent electronic Schrodinger equation, HVU = EV. Many-electron solutions of the Schréodinger
equation cannot be solved analytically for all but the simplest of cases. To circumvent this, many approximate
methods have been developed. These approximate methods rigorously describe the important physical
features of the electronic wavefunction such as the required antisymmetry of electrons and their spin, as to
not violate the Pauli principle. Numerical solutions are produced by describing the molecular system as a set
of functions that model the atomic orbitals of each atom known as a basis set. Thus, every ab initio quantum
chemical prediction is said to be obtained at some level of theory which is a combination of method and the
basis set employed to produce the numerical solutions. The most fundamental ab initio method, Hartree—
Fock, optimizes the “best” set of molecular orbitals, that is, the set of linear combinations of atomic orbitals
that most minimize the electronic energy (i.e. in terms of the variational theorem) subject to the constraint
of orbital orthonormality. The Hartree-Fock method results in a physical description of a molecular system
that includes the nuclear-nuclear repulsion, electron-nuclear attraction, electron-electron repulsion, electron
kinetic energy, and nuclear kinetic energy, based on the mean field approximation (each electron interacts
with the average field of all others) and Born—Oppenheimer approximation (nuclei are fixed with respect to
electron motion.). Because a basis set is used to numerically optimize the Hartree—Fock result, increasing the
size of the basis set provides increased flexibility for the description of the molecular orbitals which results
in a lower electronic energy. As a basis set size approaches the limit of infinity, the energy approaches what
is known as the Hartree-Fock limit (or more generally, the Complete Basis Set (CBS) limit) and is negligibly
lowered by additional basis functions. All computations use a finite basis which must necessarily introduce
some error into the system, but this error can always be systematically removed simply by adding more basis
functions. Doing so, however, will rapidly increase the memory requirements and number of mathematical
operations required, which can result in unreasonable computation times and necessitate selection of some
smaller basis set and its associated error.

The Hartree-Fock method, though a great start, fails to fully describe the simultaneous interactions of
electrons in a system and instead approximates each electron as it interacts with the mean field of all other
electrons. The result of this is an overestimation of the true electronic energy (i.e. the Full Configuration

Interaction (FCI) energy). The difference between the Hartree-Fock energy and the FCI energy is known as
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the correlation energy. A FCI computation can be performed, but is impossibly expensive for all but the
smallest systems. Thus, many different methods (e.g. coupled cluster) have been developed that estimate the
correlation energy of a molecular system and approach the FCI limit in a cost effective manner. A detailed
explanation and derivation of these methods is far beyond the scope of an undergraduate context and we
direct the reader to the work of Cramer for an excellent introduction to the theory.? For the purposes of
this exercise, one must only know that certain ab initio methods are developed to systematically converge
towards the exact FCI solution.

Though many approximations and sources of error exist in standard ab initio methods, the errors due to
a finite basis set size and correlation energy are usually considered the most prominent. The exercises we
propose will consider these two sources of error and predict the combustion energy of methane at various
levels of theory. One of the benefits of computing relative energies is the fact that cancellation of error
removes much of the absolute error that might be manifest in the products and reactants as the individual
absolute energies approach the FCI/CBS limit. The methods considered will be Hartree-Fock, MP2, CCSD,
and CCSD(T) in order of increasingly rigorous description of correlation energy. The basis sets utilized will be
the Dunning familyL' of correlation consistent basis sets (cc-pVXZ X=D (double),T (triple),Q (quadruple),5
(quintuple)). The X refers to the cardinality, or size, of the basis sets. This small array of methods and
basis sets will allow students to predict reaction energies at sixteen different levels of theory and observe
the trends in the error and computational cost of each. All results can be obtained in the free open-source
software package Ps14199 with the aid of the accompanying tutorial. If the software or computing resources
are unavailable, the supplementary information contains a spreadsheet of all of the data which can be given
to students at the discussion of the instructor and used to complete the questions as if the students generated

the data themselves.

5.4 Lab Design

5.4.1 Obtaining the data

The first part of the exercise asks students to compute the energy of each product and reactant at the
aforementioned levels of theory using the provided Cartesian coordinates (optimized at the CCSD(T)/cc-
pVTZ level of theory) and a provided step-by-step Psi4 tutorial. Though this section is not particularly
enlightening, it allows students to interact with the input, output, and submission files of a computational
chemistry software package and facilitates practice with logical organization of data in a file-system. The

instructions encourage students to convert the results to units which they are likely more familiar with (kcal
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mol~1) and perform a quick sanity check to ensure that the results they obtained are free of any major
mistakes. For example, if the Os MP2/cc-pVDZ energy was accidentally copied into the MP2/cc-pVTZ
column as well, the predicted reaction energy would likely be at least an order of magnitude incorrect from
the expected result. Mistakes made by students in this regard would provide excellent practical experience in
troubleshooting computations results. Input files are provided for ease of use, and the experiment is designed
to minimize the number of options that need to be changed, therefore minimizing mistakes. We also provide
the cc-pV5Z row energies so that students have something to compare their data to and are spared from
obtaining the most costly data.

It should be noted that the level of theory of the geometry optimizations could influence the energetic
analysis performed in the following sections. It is common practice to obtain the best possible geometries
and run energetic analyses “on top of” them. We provide geometries at a sufficiently high level of theory
that this need not be a concern here but instructors should be aware of this fact and could use this as an
opportunity to extend the study to geometry optimization as well. Further discussion of this extension is
discussed in the “Suggested Modifications” section of this manuscript.

All of these computations should be able to be run on most standard laptops or workstations. The Psi4
guide provided in the supplementary information section provides detailed information on how to install
and run Psi4 on Windows, Mac, and Linux systems. Psi4 is a free, open-source, program with excellent
support and requires no special permissions to use. Furthermore, the guide should fully explain all of the
information necessary for a beginner to complete this exercise in its entirety, including terminal navigation.
Though we provide a firm foundation for instructors and students to use Psi4, we leave it to the instructor
to choose what system the students will work on, that their machines have the necessary specifications to run
properly, and that the job submission commands are well understood. In cases where the most expensive
jobs might be too memory or time intensive for certain machines or when technical difficulties arise, we
provide a spreadsheet containing all of the data which can be dispersed to the students at any time with the

instructor’s discretion.

5.4.2 Error Analysis

One of the hopeful assumptions in ab initio quantum chemistry is that the errors due to a finite basis
set and correlation energy can be considered somewhat independent of one another, or at least treated
independently. This section of the lab uses the previously obtained data to guide the students in observing
the trends in methane combustion energies with respect to basis set and treatment of correlation energy,

with the ultimate goal being to select levels of theory that produce minimal errors in their predictions. The
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questions in this section are briefly prefaced to ensure the students realize that the methods and basis sets
selected will converge to eliminate their respective errors if taken to infinite order, but do possess error
given our truncation of each. We provide a highly converged estimate of the FCI/CBS energy obtained via
focal point analysis’®2l that is a reasonable proxy for the “exact theoretical answer” and can be used by
the students to estimate the error in their combustion energies. Table presents the focal point analysis
for the methane combustion energy broken down by increments up to the valence CCSDTQ(P) level of
theory and with methods up to CCSD(T) extrapolated to the CBS limit using a large cc-pV6Z basis set.
Notice how higher order corrections decrease in magnitude (e.g §(P) is 0.25 kcal mol~! with a cc-pVDZ
basis) and the jumps between the cc-pV6Z estimates and the extrapolated CBS limit are small (e.g HF /cc-
pV6Z is only 0.03 kcal mol~! from the HF/CBS estimate using a three-point extrapolation formula®* and
the CCSD(T) increment is only 0.01 kcal mol™! from the CCSD(T)/CBS limit obtained with a two-point
extrapolation formula.? resulting in a jump in the net column of only 0.53 kcal mol~! ) This justifies the
tight convergence of our provided CCSDTQ(P)/CBS “exact answer” and its utilization to estimate error in

lower levels of theory.

Table 5.1: Incremented focal point table for the methane combustion reaction. Values in brackets correspond
to methane combustion energies that are extrapolated or are additive corrections. The bold value in the
bottom right is the FCI/CBS estimate. Units are in kcal mol ~1.

CH4 +202 —_— CO2 +2H20

HF 46 MP2 +6CCSD +5(T) +6T +5(Q) +6Q +5(P)  NET

ce-pVDZ  —157.30  -21.46 8.93 -0.62 012 061 001 025  -169.46
ce-pVTZ  -161.68  —35.42 12.87 ~1.19 023 074  [0.01] [0.25]  [-184.19]
cc-pVQZ  -163.18  —41.57 14.41 135 036 076 [0.01] [0.25]  [-190.32]
cc-pVHZ  —163.58  —44.02 15.38 ~1.42  [0.36] [0.76] [0.01] [0.25]  [-192.26]
cc-pV6Z  —163.52  —44.77 15.72 ~1.41  [0.36] [0.76] [0.01] [0.25]  [-192.62]
CBS  [163.49] [45.82]  [16.18]  [-1.40] [0.36] [0.76] [0.01] [0.25] [-193.15]

Analysis begins with an examination of the trends in the predicted combustion energies. Students are
first asked to consider the cc-pVDZ basis set only and comment on the overall trend in the reaction energies
as the quality of method increases (See Table for the results students will obtain). It is expected that
a sufficient answer would address both the qualitative and quantitative trends so that students can further
develop their intuition for the units generally used to describe reaction energies. Instructors should note that
the trends observed are not necessarily monotonic and particular emphasis should be given to the magnitude
of the differences between predicted values as convergence may not occur from one side to the true answer.
For example, HF greatly overestimates the reaction energy while MP2 significantly underestimates it, but
the CCSD and CCSD(T) estimates are usually within 2 kcal mol~! of each other. Students are furthermore

asked to consider if their observed trends for the cc-pVDZ row are the same for all basis sets. A key learning
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goal from this section is that despite the systematic behavior of ab initio methods, the convergence patterns
may exhibit more complicated motifs.

The second question asks for a description of the trends in combustion energy with respect to increasing
basis set size. These trends are much clearer and are monotonic for each column. The final question of
this section requires students to compare each reaction energy to the “exact answer” and rank the top five
levels of theory, noting which are within chemical accuracy. This task is straightforward, but sets up the

cost benefit analysis in part 4.

Table 5.2: Reaction energies for methane combustion computed at various levels of theory. The units are in
kcal mol~!.

CH,4 4+ 203, —— CO; 4+ 2H50 Reaction Energies

Basis Set | Hartree-Fock ~ MP2 CCSD CCSD(T)
cc-pVDZ ~157.30 ~178.76 -169.83 —-170.45
cc-pVTZ —161.68 -197.09 —184.23 —-185.41
cc-pVQZ -163.18 -204.74 -190.33 -191.68
cc-pVdZ -163.58 -207.59 -192.21 -193.63

5.4.3 Cost Analysis

The cost analysis section of the lab is the cornerstone of this exercise and is designed to go beyond most
standard computational labs and investigate how computational scaling (and the associated cost) complicates
the selection of level of theory for any study. Most computational chemistry labs generally focus on quickly
obtaining some computationally inexpensive data and the rest of the time is spent analyzing and answering
chemical questions with this data. Though the pedagogical value of these kinds of exercises cannot be
overstated, the problem with stopping here is that students are left agnostic to the practical difficulties
associated with ensuring a computational study can be completed with available resources. The consequence
of this approach at best fails to train students how to think like a computational scientists and at worst
provides the false impression that all computational studies are quick, easy, and always produce clean and
meaningful results regardless of level of theory. The following few questions are designed to allow students to
interact conceptually with how quickly computational cost becomes a limiting factor for theoretical studies
of even small molecules, without wasting their time to experience it first hand. Memory can also be severely
limiting for many of these computations, but we ignore its influence for the sake of simplicity. It is very
likely that students could interact with algorithms in other computational science fields that scale poorly
but have low memory requirements, thus a cost analysis agnostic of memory is of great pedagogical value.

Computational scaling is conceptually introduced in this section without requiring the students to have
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any background knowledge of computer science. Our focus is not on the complexities of algorithm design,
but rather on how the consequences of computational scaling manifest and are dealt with in practice. The
N?* notation (N is the number of basis functions and z is the scaling factor) is introduced and assumes an
understanding of exponential functions. Without requiring participants to actually perform unreasonably
long computations on larger systems, we simulate this by requiring students to estimate the time it would
take to compute the energy of propane with all sixteen previously considered levels of theory. Hypothetical
timings are provided for the energy computations of each method with the cc-pVDZ basis set, assuming
constant resources. The number of basis functions necessary to describe the propane molecule is provided
for each basis set cardinality along with the scaling factors for each method: HF (x=4), MP2 (z=5), CCSD
(z=6), and CCSD(T) (2=T7). Using Equation [5.1] (where T" denotes the time, N denotes the number of basis
functions, x specifies the scaling factor, and the subscripts denote the basis set) timing predictions can be
made for all for all levels of theory using Equation [5.1] and should reproduce Table [5.3]
Nee—pVDZ \ o

TCC_pVDZ(m = Tec—pvxz (5.1)
cc—p

Instructors should make it clear that all timing predictions are only estimates and the true computation
times may depend on many factors such as the specific machine used or memory allocation. It should
also be noted that each method is not independent. For example, all perform an initial Hartree-Fock and
the CCSD(T) procedure requires CCSD to be completed first. Regardless, the most sophisticated method
still determines how each computation scales and warrants this sort of approximation, at least for a rough
estimation of timings. For computational procedures that are not built atop one another, this kind of
analysis would be even more reliable and is therefore worth completing for pedagogical purposes despite
the oversimplified assumptions. Question 4 consists of four parts that are intended to simulate various
considerations one might make when conducting a theoretical study. Parts a, b and d are very practical
while part c considers a unreasonable year-long CCSDT computation and tests one’s intuition as to how
quickly computations can become infeasible. Part d of this question is the most complex and asks students
to predict what size alkane could be computed with the CCSD/cc-pVTZ level of theory if the time depended
only on the number of basis functions and the baseline CCSD/cc-pVDZ, assuming exact scaling. In reality,
due to the mathematics of these ab initio methods, the additional electrons added to the system would
also increase the computation time significantly, but this exercise is nevertheless of educational benefit for

judging the viability of a research project and its time constraints.
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Table 5.3: Estimated timings for the computation of the electronic energy of propane at based on hypothetical
cc-pVDZ timings, the number of basis functions, and the scaling factors. The units are in seconds.

Propane Single Point Energy Estimated Timings

Basis Set | Nec—pvxz | HF (z=4) MP2 (z=5) CCSD (z=6) CCSD(T) (z=T7)
cc-pVDZ 82 0.1 0.5 2 2.3
cc-pVTZ 202 4 45 447 1266
cc-pVQZ 405 60 1470 29032 164898
cc-pVbhZ 712 572 24851 864339 8642862

5.4.4 Balancing Cost and Accuracy

This section of the exercise considers the hypothetical situation where students are given a deadline of one
week and asked to obtain the most reliable combustion energy of propane that they can using the previous
levels of theory employed for methane. These goals and constraints mimic what computational chemists
do on a daily basis. That is, make decisions in order to produce the most accurate and meaningful results
that fully answer scientific questions in a reasonable amount of time. In practice these kinds of decisions
are made based on reliable error benchmarks of small related systems combined with cost estimates or test
timings of the larger systems (i.e. the findings of the previous two parts of this exercises.). The proposed
scenario makes students follow the thought process computational chemists must undergo in the real-world
research settings. It is likely that students will select the obvious CCSD(T)/cc-pVQZ level of theory which
exhibits an error of 1.47 kcal mol~! for methane and is predicted to finish in less than two days. The part
of the question that requires much more thought begins with a reminder that the validity of this analysis
rests on the assumption that trends in methane combustion energies behave similar to the trends in propane
combustion energies with respect to level of theory. Students are asked to suggest how they might provide
evidence that tests this assumption before coming to lab next week. The goal of this question is for students
to realize that most of the levels of theory are extremely cheap to obtain even for propane and they could use
them to predict propane combustion energies for must combinations of basis set and method. These results,
and their manifest trends, could be compared where possible to the methane case (similar to part 1). Their
agreement or lack thereof would be an easy way to strengthen or weaken the assumption, respectively, that
methane combustion is an appropriate benchmark for the propane system.

This section also asks a question concerning what might be an anomaly at first glace. The MP2/cc-pVTZ
methane combustion energy is predicted to have an error of —4 kcal mol~! relative to the “exact answer”
while the adjacent CCSD/cc-pVTZ prediction has and error of 9 kcal mol~! and the adjacent MP2/cc-pVQZ
prediction has an error of —12 kcal mol~'. This seems to contradict the assertion that increasing the basis

set size and treatment of correlation energy will remove error from the prediction. Students are asked to
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provide a possible explanation for this. The systematic converge of basis set cardinality and coupled cluster
series towards the FCI/CBS limit is not falsified by this (see table , but it just so happens that the
MP2/cc-pVTZ case benefits from a fortuitous cancellation of error. One way to understand this (given as a
hint in the problem) is to consider what the values are approaching in each respective column and row. The
values in the cc-pVTZ row approach the FCI/cc-pVTZ limit which would eventually treat all correlation
energy but has significant basis set error relative to the FCI/CBS limit. Likewise, the values in the MP2
column approach the MP2/CBS limit which has no error due to basis set size, but significant error due to
treatment of correlation energy. Essentially, MP2/cc-pVTZ is far from being converged with either source of
yet they cancel out nicely. Though all of our predictions rely on cancellation of error to some extent, doing
so with such a low-fidelity method and small basis set could have disastrous consequence for the accuracy
of predictions made for a larger system like propane. Small changes in both sources of error are expected
when moving to a larger system and could significantly increase the total error by removing the fortuitous
cancellation or error. Predictions that are tightly converged along both axes are expected to be far more
robust to minor differences and ensure the integrity of the final prediction with much more certainty. A
numerical example is worked out in the accompanying answer key to demonstrate this fact and can be used
by the instructor to ensure students understand the concept. Thus, it is far more reliable to benchmark
against predictions that demonstrate convergence towards the FCI/CBS limit than “accidental” cases of

error cancellation.

5.4.5 Cost Saving Measures

The lab ends with a final section that introduces students to some commonly applied techniques that either
cut cost with minimal loss in accuracy or improve accuracy with minimal increase in cost. The presented
techniques are contextualized as representative examples of the kinds of developments, approximations, and
tools that computational scientists are consistently utilizing. The first example is the inclusion of additive
corrections which could treat a variety of physical effects that we have not yet considered such as: core
correlation, relativistic effects, or spin-orbit coupling. We focus on the inclusion of a 298 K enthalpy cor-
rection to our predicted methane combustion energies that allows comparison to an experimental result.
Students are asked to lookup the experimental AHsggk combustion energy of methane from the active ther-
mochemical tables of Ruscic and coworkers.52Y A link is provided and the database can be easily navigated.
The experimental value considers water in the liquid phase and will need to be adjusted using the 298 K
enthalpies of liquid and gas phase water and Hess’s Law. The first part of the question asks for the difference

between our “best” CCSD(T)/cc-pV5Z energy and the experimental value, which disagree by approximately
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1.8 kcal mol~!. This is an unsurprisingly large deviation due to our exclusion of any treatment for the
rotational, vibrational, and translational energy present in the species at a temperature above absolute zero.
Next, students are instructed to compute the harmonic vibrational frequencies for each species in the reaction
at the modest MP2/cc-pVDZ level of theory (guidance for this is given in the Psi4 tutorial) and use the
results to produce a 298 K enthalpy additive correction which is to be amended to the CCSD(T)/cc-pV5Z
reaction energies and produce a theoretical combustion enthalpy. The predicted enthalpy of combustion the
students will obtain is in remarkable agreement with experiment exhibiting an error of less than 0.5 kcal
mol~!. This simple example highlights how the inclusion of additional physical features of the system, even
at a lower level of theory, can improve the accuracy of our predictions an allow meaningful comparison to
experiment. Certainly, many other improvements could be made, but most are beyond the scope of this
work. The instructor should ensure students appreciate how effective ab initio methods can be at predicting
experimental thermodynamics and how a proper benchmark can make the difference between trustworthy
predictions of experimental values (i.e. within chemical accuracy) and significantly wrong predictions that
could even lead to qualitatively wrong conclusions.

The second technique introduced is basis set extrapolation. This tool can be utilized because the Dunning
basis sets are built in such a way that energies obtained from a given method with basis sets of consecutive
cardinality can be fit to a curve and extrapolated to predict the CBS limit. The details of this are technical
and beyond the scope of this manuscript or the lab exercise, but previous work defends their reliability and
applicability in cases like our study of methane combustion.?? In order to understand this approach in a way
that clearly communicates the point, students are provided with a value that is given as the CCSD(T)/CBS
limit. In fact, this value (—194.52 kcal mol~1) is obtained via the highly converged two-point extrapolation of
the correlation energy (X = 5, 6) and three-point extrapolation of the HF energy (X = Q, 5, 6). Obviously,
this value could be improved with even larger basis sets, but is sufficient for the students to compare to
as the “true CCSD(T)/CBS” value. An astute observer might notice that the CCSD(T)/CBS value is
actually farther from the provided FCI/CBS “exact answer” . This is because the CCSD(T)/CBS value
lacks the higher order corrections contained in the FCI/CBS estimate, warranting comparison to a separate
CCSD(T)/CBS value. Students are prompted to produce a table of error due to basis set incompleteness for
all of their methane CCSD(T) combustion energies relative to the provided CCSD(T)/CBS value and record
their observations. Next, students are instructed to use the line provided in the Psi4 guide to compute a
CCSD(T)/cc-pV{T,Q}Z estimate of the CCSD(T)/CBS energy for each species, calculate a reaction energy
from these extrapolated energies, and compare to the provided CCSD(T)/CBS energy. The CCSD(T)/cc-
pV{T,Q}Z combustion energy ends up being closer to the CCSD(T)/CBS value than the CCSD(T)/cc-pV5Z

prediction, demonstrating how useful basis set extrapolation can be. To drive home the point on the cost
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savings of this method, students are asked to use their timing estimates for propane and determine how
much time is saved between consecutive CCSD(T)/cc-pVTZ and CCSD(T)/cc-pVQZ jobs compared to a
single CCSD(T)/cc-pV5Z job. The section ends with a cautionary statement on basis set extrapolation and

)

notes that even this procedure is not “black box” and often requires comparisons and rigorous benchmarking

between different extrapolation schemes.

5.5 Suggested Modifications

The design of this lab is intentional to maximize its flexibility within and undergraduate chemistry curricu-
lum. The content as presented is primarily aimed at a standard physical chemistry student. However, we
recognize that certain institutions have varying degrees of rigor in their physical chemistry programs and
might need to modify the presented content to meet the academic needs of students. All materials, including
a comprehensive example answer key, are provided as Microsoft Word files and we encourage modification of
any and all parts of the exercise as necessary to maximize learning potential. The following discussion focuses
on suggested extensions for advanced students and an alternate simplified version that could be presented
to general chemistry students to “get their feet wet” with computational chemistry.

One of the most obvious and important extensions of this lab is to consider how the level of theory
influences the optimized equilibrium structures of each species. One possible route of study could involve
optimizing the geometries of CHy4, O3, CO2, and H5O at various levels of theory. All of the bond distances
(only four distinct: C-H, O-O, C-O, and H-O) could be recorded for each level of theory and a root-mean
squared error could be obtained relative to the provided CCSD(T)/cc-pVTZ geometries. This would provide
students the opportunity to see what kind of error is manifest in the geometry at different levels of theory
and how long each optimization takes. Instructions for preforming these kinds of computations are provided
in an appendix of the Psi4 guide. A similar analysis could be performed with the harmonic vibrational
frequencies (CCSD(T)/ce-pVTZ frequencies are provided in the SI for reference as well). The instructor
should use great care in selecting which levels of theory should be considered in these analyses as geometry
optimization and frequency computations are far more costly than single-point energies, limiting the levels
of theory accessible in a classroom setting. These kinds of extensions could be completed by dividing each
optimization or frequency computation amongst students and compiling the data to analyze collectively.
Also, because this laboratory touches on may quantum chemical concepts, instructors might use this lab to
introduce a more rigorous study of concepts such as basis sets, thermochemistry, or Hartree-Fock theory
quite naturally.

Alternatively, this lab can be simplified for potential use in a general chemistry lab. In this case, students
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could complete the same lab exercises but, instead of learning Psi4, simply be given the data and asked
to draw the same conclusions. Instructors could also provide the timings in the cost analysis section and
not require the students to compute them. Likewise, the basis set extrapolation section could be a small
standalone exercises that provides a straightforward example of basis set effects in quantum chemistry.
Learning how to use Psi4 for the first time and obtaining all the required data could be overwhelming to
a general chemistry student. Nevertheless, as the ubiquity of computational science increases, it would be
worthwhile for the students to be exposed to running any sort of computation as early in their academic

career as possible.

5.6 Conclusion

We present a novel physical chemistry laboratory exercise that focuses on the tension and balance between
accurate and computationally affordable results using an ab initio study of methane combustion. This lab
fills in a weak point in most undergraduate chemistry curricula and provides an invaluable opportunity to
teach students to think like computational scientists rather than mindlessly obtain data. A major benefit of
this exercise is that its primary learning goals are extremely generalizeable to most computational sciences
rather than constrained to a niche computational chemistry application. The lab is designed with optimal
flexibility such that it can easily merge into existing physical chemistry courses. The open-source nature of
Psi4 allows for this entire lab exercise to be completed on a personal laptop, ensuring no accessibility barriers
are present. A Comprehensive guide and template input files are provided to ensure that Psi4 can be easily
installed and employed by first time users. An example answer key is also provided to aid instructors in
grading and providing hints for students. We also highlight numerous modifications that can extend the
scope of the lab for advanced students or possibly simplify the content for a general chemistry audience. It is
likely that the content of this lab could significantly bolster the preparedness of chemistry students entering

any of the rapidly expanding computational science fields.
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CHAPTER 6

CONCLUSION

This work encompasses high-level ab initio investigations of important chemical systems with a particular
emphasis on electronic structure trends. We present the highest level ab initio determination of the hy-
drogen and halogen bonded complexes of hypohalous acid and water, with results nearly converged to the
FCI/CBS limit. The hydrogen bonds are stronger in all cases and as halogen size increases, the halogen
bonded complex becomes increasingly competitive (for the iodine case, the two interaction types differ by
less than 1 kcal mol~! at the CCSD(T)/aug-cc-pVTZ-X2C level of theory). Moreover, SAPT analysis reveals
that the dispersion and induction percent contributions are together more important in the halogen bond,
despite both types of interactions being primarily of electrostatic origin. The second project concerns the
first theoretical study to date of the full Pu(CH)s (Pn = N, P, As, Sb, Bi) tetrahedrane series. All were
determined to be stationary points at the CCSD(T)/aug-cc-pwCVTZ(-PP) level of theory, with the strain
energy of each species decreasing as pnictogen size increases. The trends in geometry, dipole moment, NBO
composition, and harmonic vibrational frequencies are characterized and discussed for the complete series.
Electron delocalization from the Pn-C bonds into the C-H* orbitals is investigated using NBO methods and
is determined to be an important feature of these systems. Replacing the hydrogens with a small set of sub-
stituents reveals a clear relationship between the Pn-C bond lengths and the extent of electron delocalization
into substituent antibonding orbitals; this has consequence for selecting substituents for possible Pn(CR)3
synthetic targets. The third project characterizes important stationary points on the HNCO + H5O potential
energy surface with energetics approaching the CCSDT(Q)/CBS limit that can serve as benchmark data for
future study of related systems. Composite methods are utilized to study the influence of substituents on the
barriers towards carbamate and imidic acid formation. NBO predictions reveal strong associations between
these barrier heights and the occupation of the C—O%* isocyanate orbital. Similar trends are characterized
with the inclusion of one and two catalyst water molecules, contrasted with the inclusion of a catalyst iso-
cyanate molecule that manifests two-step pathways towards carbamate and imidic acid formation. Finally,

we present a flexible and accessible undergraduate lab exercise that utilizes ab initio methods to predict the
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methane combustion energy. The primary focus of the exercise is the balance between computational cost
and accuracy, with learning goals that are transferable to any computational science field. This dissertation
is composed of a diverse set of ab initio quantum chemistry applications, with many of the key insights
related to chemical trends. The findings posses a high possibility of assisting and informing novel chemical

research across various sub-disciplines.
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APPENDIX

6.1 Chapter 1

1.832 ﬁ»

104.5°

2.823

104.9°

Figure 6.1: The Iodine binary complexes optimized at the CCSD(T)/aug-cc-pVTZ-X2C level of theory.
Bond distances are in Angstroms.

Table 6.1: Harmonic vibrational frequencies in cm ~! for all binary complex structures. Each structure is
C's symmetry with each vibrational modes corresponding to either the a’ or a” irreducible representation.

Symmetry Number FOH (HB) CIOH (HB) BrOH (HB) IOH (HB) HOCI(XB) HOBr (XB) HOI (XB)

syn-
a’ 1 3809 3805 3903
2 3570 3582 3796
3 1646 1646 1644
4 1478 1382 1173
5 913 734 622
6 233 246 220
7 164 193 126
8 85 73 88
a” 9 3916 3911 3903
10 701 710 272
11 212 212 85
12 40 24 27
anti-
a/ 1 3799 3799 3802 3800 3800 3794 3797
2 3523 3552 3592 3607 3783 3786 3791
3 1650 1649 1647 1647 1646 1645 1645
4 1499 1396 1315 1239 1253 1174 1082
5 908 731 637 594 721 622 577
6 310 295 242 243 205 244 262
7 237 228 190 188 112 129 134
8 83 74 63 59 86 91 91
a 9 3903 3902 3906 3904 3908 3900 3897
10 746 735 698 689 225 279 314
11 227 227 206 199 7 86 87
12 42 14 28 31 71 72 73
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Table 6.2: Estimated equilibrium constants for anti HOX and water complexes using 200 K and 298 K
temperatures as bounds for stratosphere and troposphere temperatures. Electronic energies are at the
CCSDT(Q)/CBS level of theory for X = F, Cl, Br and CCSD(T)/aug-cc-pVTZ-X2C level of theory for X
= I. All thermodynamic corrections are at the CCSD(T)/aug-cc-pVTZ-X2C level of theory.

| Complex [ 200 K K¢y | 298 K K |

FOH---H,O 2.9x107 2.5x10° 1
CIOH---H,O | 2.6x10! 2.5x107 !
BrOH---H,O | 1.1x10! 1.3x107!
I0H---Hy0 1.2x10" 1.4x1071
HOCI --H,O | 1.5x1073 | 3.8x10~¢
HOBr---H,O | 1.8x1072 | 1.4x1073
HOI.--H,O | 4.5x107" | 1.0x1072

6.2 Chapter 2
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Figure 6.2: Scatterplot of the NBO deletion energy corresponding to the sum of the deletion for all C-C —
C-H* and P-C — C-H* delocalizations vs. the P-C bond distance for P(CR)3 (R = H, ¢-Bu, F, Cl, CHj,
CCH, NHs, CF3, and CCF) structures optimized at the MP2/aug-cc-pV(T+d)Z level of theory.
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Figure 6.3: Changes in key geometric parameters upon ¢-Bu substitution relative to the parent tetrahedrane
with various methods. An aug-cc-pV(T+d)Z basis set describes the central tetrhedrane moiety and the
adjacent ¢-Bu carbons, cc-pVTZ on the other carbons, and cc-pVDZ on the ¢-Bu hydrogens.
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Figure 6.4: The NBO deletion energies into the C-R* and Pn-C* antibonding orbitals for the entire Pn(CH);
series. Values are in kcal mol~!. The corresponding orbitals are depicted on the right side of the figure.
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6.3 Chapter 3

6.3.1 Extended Methods

A benchmark is performed to justify the reliability of the results obtained with the composite methods as the
size and lack of symmetry of these structures preclude a pure coupled cluster treatment with a large basis
set. Using the reactants (H,O + HNCO), hydrolysis transition states (TS1, TS2) and respective products
(M1, M2), as well as the transition state connecting the two hydrolysis products (T'S3), we benchmark this
composite method against the CCSD(T)/cc-pVQZ geometries obtained from CFOUR 2.0. The MP2[TZ,QZ]
+ ACCSD(T)/DZ method exhibited a RMSE of 0.0020 A for bond lengths and a RMSE of 0.172° for bond
angles, slightly outperforming conventional CCSD(T)/cc-pVTZ (RMSE = 0.0022 A , 0.528°) and signifi-
cantly outperforming CCSD(T)/cc-pVDZ (RMSE = 0.0112 A | 1.746°), therefore justifying the reliability
of geometries obtained via composite methods for this system. CCSD(T)/CBS single points are obtained
on top of these composite geometries and likely sufficiently capture the correlation energy of each station-
ary point given the small CCSDT and CCSDT(Q) corrections obtained in the focal point tables for the
parent case. In the catalyzed sections, CCSD(T)/aug-cc-pV(T+d)Z single points are run on the optimized

geometries and not extrapolated due to the cost of the larger systems and the additional augmented functions.

The Cartesian coordinates for all optimized structures can be found in the accompanying files labeled:
“Coupled Cluster Geometries” for the uncalatlyzed high level geometries, “Uncatalyzed Substituent Geome-
tries” for the substituted RNCO + HsO geometries, and “Catalyzed Geometries” for the water and RNCO

catalyzed structures.

6.3.2 Additional Figures and Tables
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Figure 6.5: Scatter plot of the TS1 vs TS2 AHgk values at the CCSD(T)/CBS//MP2[TZ,QZ] +
ACCSD(T)/cc-pV(D+d)Z level of theory.
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Figure 6.6: Scatter plot of the M1 vs M2 AHgk values at the CCSD(T)/CBS//MP2[TZ,QZ] +
ACCSD(T)/cc-pV(D+d)Z level of theory.
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Figure 6.7: Bell-Evans-Polanyi plot of the product relative enthalpies vs the transition state barrier heights
for TS1 (Blue) and TS2 (Red). AHpk values are obtained at the CCSD(T)/CBS//MP2[TZ,QZ] +
ACCSD(T)/cc-pV(D+d)Z level of theory.

60 1 TSN1 TSO1
N TSN2 m TS02
HEE TSN3 I TSO3

Water Catalyzed Transition State
AG,,, (kcal mol?)
N w N u
o o o o

=
o
L

o
I

H CHs SiH3 NH; PH, OH SH F Cl
RNCO Substituent

Figure 6.8: AGoggk barrier heights relative to separated products for the uncatalyzed and water catalyzed
cases at the CCSD(T)/aug-ce-pV(T+d)Z//MP2/jul-ce-pV([TZ,QZ)+d)Z + ACCSD(T)/6-31+G** level of
theory. The number following the “T'SN” or “T'SO” labels corresponds to the number of water molecules
involved in the reaction.
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Figure 6.9: AHgk barrier heights relative to separated products for the uncatalyzed (TSN1 and TSO1) and
RNCO catalysed cases at the CCSD(T)/aug-cc-pV(T+d)Z//MP2/jul-cc-pV([TZ,QZ]+d)Z + ACCSD(T)/6-
31+G** level of theory. The barrier with the A subscript corresponds to the initial transition state forming
the intermediate species and the second barrier corresponds to the hydrogen transfer process from the
intermediate to the final produce. See SI Figure 8.
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Figure 6.10: AGagggk barrier heights relative to separated products for the uncatalyzed (TSN1 and
TSO1) and RNCO catalysed cases at the CCSD(T)/aug-cc-pV(T+d)Z//MP2/jul-cc-pV([TZ,QZ]+d)Z +
ACCSD(T)/6-31+G** level of theory. The barrier with the A subscript corresponds to the initial transition
state forming the intermediate species and the second barrier corresponds to the hydrogen transfer process
from the intermediate to the final produce. See SI Figure 8.
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Figure 6.13: Scatter plot of AHgk barrier heights at the CCSD(T)/aug-cc-pV(T+d)Z//MP2/jul-cc-

pV([TZ,QZ]+d)Z + ACCSD(T)/6-31+G** level of theory versus the p-orbital character of the nitrogen
lone pair in the TSN2 and TSN3 transition states.
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Figure 6.14: Scatter plot of AHgk barrier heights at the CCSD(T)/aug-cc-pV(T+d)Z//MP2/jul-cc-
pV([TZ,QZ]+d)Z + ACCSD(T)/6-314+G** level of theory of TSO2 and TSO3 versus the C-O* occupancy
in the RNCO species.
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Table 6.3: Reactant data for RNCO structures at the CCSD(T)/CBS//MP2[TZ,QZ] + A CCSD(T)/cc-
pV(D+d)Z level of theory. The CCSD(T)/CBS energies are in hartree and all other values are in kcal

mol~!. The final two columns are the ZPVE and Gibbs energy corrections.

’ Substituent ‘ CCSD(T)/CBS Energy (hartree) ‘ ZPVE (kcal/mol) ‘ Gibbs Correction (kcal/mol) H

| Water \ -76.37451504 \ 13.45 \ 1.97 |
H -168.5125432 13.31 -1.09
F -267.5823254 8.28 -7.97
Cl -627.6254199 8.04 -8.84
Br -2740.697359 7.84 -9.81
OH -243.5943375 16.23 -0.18
SH -566.2526638 13.72 -3.61
SeH -2568.726513 12.86 -5.45
NH, -223.7575312 24.52 7.35
PH, -510.0436352 19.50 1.74
AsHj -2403.679436 18.29 -0.32
CHs -207.7588253 31.84 14.67
SiHj -458.8220168 24.30 5.59
GeHs -2245.437783 23.51 3.81
CH,CHs -247.0202977 49.83 31.06
CH(CHjs), -286.2831192 67.42 47.58
CH,CH3CHjs -286.2789689 67.81 48.03
CH,CH3CHsp -286.2786727 67.70 47.40
C(CHs)s -325.5461258 84.64 63.88
CeHs -399.2229168 64.55 44.10
CHCHga -245.7869241 34.72 16.89
CHCHap -245.7880954 34.60 16.85
COHyu -281.7191908 20.26 2.76
COHg -281.717051 20.03 2.55
CF; -505.329789 17.65 -2.17
COOH4 -356.9146381 23.94 5.47
COOHg -356.9133746 23.82 5.31
COOH¢ -356.9113867 23.82 5.32
SO,Cl -1175.764373 15.68 -4.91
CN -260.6169319 13.23 -3.73
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Table 6.4: Transition state data for TS1 structures at the CCSD(T)/CBS//MP2[TZ,QZ] + A CCSD(T)/cc-
pV(D+d)Z level of theory. The CCSD(T)/CBS energies are in hartree and all other values are in kcal mol .
The final two columns are the 0 K enthalpies and 298 K Gibbs energies relative to water plus RNCO.

’ Substituent ‘ CCSD(T)/CBS ‘ ZPVE ‘ Gibbs Correction ‘ AHok ‘ AGaggk H

H -244.8287516 27.92 11.43 37.76 47.13

F -343.9210018 22.76 5.18 23.52 33.67

Cl -703.9555678 22.10 3.89 28.44 38.60

Br -2817.024493 21.72 2.76 30.16 40.32
OH -319.9270006 30.50 12.76 27.08 37.23

SH -642.5758392 27.45 9.16 32.49 43.01
SeH -2645.047793 26.28 7.16 33.38 44.04
NH, -300.086129 38.78 20.89 29.62 40.38
PH, -5686.3571232 32.98 14.57 38.33 49.15
AsH, -2479.992573 31.77 11.97 38.55 48.83
CH; -284.0781844 45.64 27.19 34.96 45.16
SiHs -535.127442 37.68 17.59 43.28 53.38
GeHs -2321.745813 36.83 16.04 41.58 51.97
CH,CHjs -323.3391955 63.53 43.28 35.15 45.15
CH(CHs)q -362.6012946 81.09 60.45 35.57 46.25
CH,CH3CHA3 -362.5981755 81.46 60.49 34.91 45.20
CH,CH5;CHsgp -362.5976352 81.03 60.97 34.74 46.45
C(CHj)s -401.8648262 98.30 76.85 35.24 46.02
CeHs -475.5437995 78.40 56.89 34.06 44.47
CHCHgza -322.1082346 48.67 29.79 33.89 44.31
CHCHsyp -322.1091209 48.59 29.65 34.10 44.40
COH, -358.0399829 34.06 15.24 34.06 44.22
COHg -358.0412747 34.11 15.33 32.18 42.38
CF; -581.6515997 31.51 10.61 33.48 43.88
COOH} -433.2370571 37.61 18.33 32.90 43.58
COOHg -433.2359372 37.55 18.28 32.89 43.60
COOHc -433.231119 37.46 18.15 34.57 45.24
SO2Cl1 -1252.088853 29.15 8.15 31.41 42.49
CN -336.9415025 27.32 8.89 31.98 41.99
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Table 6.5: Transition state data for TS2 structures at the CCSD(T)/CBS//MP2[TZ,QZ] + A CCSD(T)/cc-
pV(D+d)Z level of theory. The CCSD(T)/CBS energies are in hartree and all other values are in kcal mol .
The final two columns are the 0 K enthalpies and 298 K Gibbs energies relative to water plus RNCO.

’ Substituent ‘ CCSD(T)/CBS ‘ ZPVE ‘ Gibbs Correction ‘ AHok ‘ AGaggk H

H ~244.8150062 | 28.24 11.90 46.71 | 56.23

F -343.9109923 | 23.01 5.63 30.05 | 40.39

CI 703.943128 | 22.37 4.38 36.53 | 46.90

Br 2817.011946 | 22.03 3.31 3835 | 4875
OH -319.9149665 | 30.83 13.26 34.97 | 4527
SH -642.5618673 | 27.68 9.49 4149 | 5211
SeH -2645.034135 | 26.64 7.66 4231 | 53.11
NH, -300.0717896 | 38.96 21.48 38.80 | 49.96
PH, -586.3433179 | 33.17 14.81 4718 | 58.06
AsH, -2479.978563 | 31.65 12.51 4721 | 5817
CH; -284.0621398 | 45.77 28.23 4516 | 56.27
SiH, ~535.1150897 | 37.85 17.98 51.21 | 61.52
GeH, -2321.732256 | 37.01 16.39 50.28 | 60.83
CH,CHj -323.3230821 | 63.76 43.89 4549 | 55.87
CH(CHs), -362.5844575 | 81.36 61.04 1641 | 5741
CH,CH3CH;, | -362.5810633 | 81.70 60.89 4532 | 55.77
CH,CH3CHsp | -362.5813915 | 81.65 60.42 4555 | 56.10
C(CHj)3 -401.8477692 | 98.55 77.40 46.19 | 57.27
CoHs -A75.5271148 | 78.63 57.12 4475 | 55.17
CHCHa, -322.0906486 | 48.89 29.97 4514 | 5553
CHCH,g -322.0930109 | 48.78 29.94 44.40 | 54.80
COH, -358.0212365 | 34.17 14.77 45.94 | 5551
COHp -358.0224206 | 34.06 15.86 1397 | 54.73
CF; -581.638544 | 31.79 11.30 41.95 | 52.76
COOH, -433.2186297 | 37.53 17.87 4439 | 54.69
COOHg -433.2185062 | 37.53 18.28 43.80 | 54.61
COOH¢ 4332162209 | 37.88 18.15 4434 | 54.26
SO,CI -1252.076479 | 29.42 8.57 39.45 | 50.67
CN -336.9295628 | 27.58 9.30 39.73 | 49.89
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Table 6.6: Data for M1 structures at the CCSD(T)/CBS//MP2[TZ,QZ] + A CCSD(T)/cc-pV(D+d)Z level
of theory. The CCSD(T)/CBS energies are in hartree and all other values are in kcal mol~!. The final two
columns are the 0 K enthalpies and 298 K Gibbs energies relative to water plus RNCO.

Substituent ‘ CCSD(T)/CBS ‘ ZPVE ‘ Gibbs Correction ‘ AHok ‘ AGaggk H

H -244.9223369 32.37 15.94 -16.52 -7.08

F -344.0104823 27.00 9.51 -28.40 | -18.15
Cl -704.0413428 26.24 8.15 -21.23 | -10.97

Br -2817.109632 25.90 7.09 -19.08 -8.77
OH -320.0194913 35.00 17.38 -26.46 | -16.19
SH -642.6667584 31.91 13.41 -20.09 -9.80
SeH -2645.137434 30.87 11.41 -18.28 -7.96
NH, -300.175309 43.11 25.18 -22.01 | -11.30
PH, -586.4470794 37.52 18.61 -13.59 -3.26
AsH, -2480.082129 36.07 15.67 -13.35 -3.66
CHs -284.1714021 50.03 31.46 -19.14 -9.07
SiHs -535.219224 42.29 23.55 -9.70 1.74
GeHs -2321.837858 41.47 21.94 -11.54 0.12
CH,CH; -323.4327719 68.01 48.56 -19.09 -8.29
CH(CHs)s -362.6928146 85.49 64.93 -17.46 -6.70
CH,CH3CHsa -362.6910781 85.91 65.11 -18.94 -8.48
CH,CH3;CHsgp -362.6911861 85.88 65.00 -19.11 -8.22
C(CHj)s -401.9561566 102.73 82.40 -17.65 -5.75
CeHs -475.6339218 82.77 61.21 -18.13 =777
CHCHgza -322.1999121 53.34 34.52 -18.97 -8.49
CHCHz2p -322.2028075 52.95 34.13 -20.33 -9.91
COH, -358.1297526 38.42 19.68 -17.91 -7.67
COHg -358.1391052 38.58 20.03 -24.73 | -14.32
CF; -5681.7408786 35.53 14.93 -18.52 -7.82
COOH\ -433.3276372 41.96 22.27 -19.58 -9.32
COOHg -433.3280236 42.13 22.48 -20.32 -9.98
COOH¢ -433.3144565 41.55 21.68 -13.64 -3.53
SO-2C1 -1252.174745 33.55 12.30 -18.08 -7.26
CN -337.0281872 31.11 12.58 -18.62 -8.72
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Table 6.7: Data for M2 structures at the CCSD(T)/CBS//MP2[TZ,QZ] + A CCSD(T)/cc-pV(D+d)Z level
of theory. The CCSD(T)/CBS energies are in hartree and all other values are in kcal mol™!. The final two

columns are the 0 K enthalpies and 298 K Gibbs energies relative to water plus RNCO.

Substituent ‘ CCSD(T)/CBS ‘ ZPVE ‘ Gibbs Correction ‘ AHok ‘ AGaggk H

H -244.8928581 32.19 15.83 1.80 11.30

F -343.9936087 26.49 9.06 -18.31 -8.02

Cl -704.0233283 26.01 8.04 -10.16 0.23

Br -2817.090977 25.71 7.03 -7.57 2.88
OH -319.996893 34.33 16.73 -12.95 -2.66

SH -642.6407336 31.56 13.28 -4.11 6.41
SeH -2645.111934 30.64 11.56 -2.51 8.19
NH, -300.1515626 42.60 24.97 -7.62 3.40
PH, -586.4193259 37.22 18.63 3.53 14.18
AsH, -2480.053357 35.90 16.52 4.54 15.24
CH3 -284.1393282 49.55 30.58 0.51 10.18
SiHs -535.1885146 41.95 22.75 9.23 20.21
GeHs -2321.805411 41.09 21.39 8.45 19.93
CH,CHj; -323.4001512 67.62 48.21 0.98 11.83
CH(CHs), -362.6593198 85.19 65.09 3.26 14.48
CH,CH3CH3 o -362.6588153 85.51 64.82 0.90 11.48
CH;CH3CHsp -362.6584223 85.46 64.66 1.03 12.00
C(CHg3)s3 -401.922214 102.40 81.48 3.32 14.64
CgHs -475.6029005 82.30 60.77 0.87 11.26
CHCH3za -322.1666475 52.52 33.51 1.08 11.38
CHCHsp -322.1712841 52.51 33.70 -0.98 9.44
COHA -358.0998243 38.04 19.23 0.49 10.66
COHp -358.1005879 37.90 19.82 -1.24 9.65
CF; -581.7181383 35.52 15.34 -4.26 6.86
COOH, -433.2978517 41.71 21.78 -1.14 8.88
COOHg -433.2978517 41.71 21.78 -1.80 8.25
COOH¢ -433.2950816 41.75 21.94 -1.28 8.89
SO2Cl -1252.156086 33.60 12.54 -6.32 4.69
CN -337.0112838 31.28 13.05 -7.84 2.36

Table 6.8:

Electronic Energies of water catalyzed transition states at the CCSD(T)/aug-cc-

pV(T+d)Z//MP2/jul-cc-pV([TZ,QZ]+d)Z + A CCSD(T)/6-31+G* level of theory in units of hartree.

| Substituent |  TSN1 [  TSN2 [ TSN3 [ TSO1 | TSO2 [ TSO3 |

H -244.7299225 | -321.11195 [ -397.4720773 | -244.7166555 | -321.1042313 | -397.4673102
F -343.7834132 | -420.1699453 | -496.5353876 | -343.7741942 | -420.1673929 | -496.533823
Cl -703.8261242 | -780.2103513 | -856.5746171 | -703.8141246 | -780.2060733 | -856.5721726
OH -319.7986074 | -396.1827096 | -472.5474073 | -319.7871743 | -396.1773712 | -472.5421348
SH -642.4542413 | -718.8347154 | -795.197708 | -642.4406524 | -718.8303508 | -795.1952002
NH, -299.9658781 | -376.3456907 | -452.7092074 | -299.9521234 | -376.3413361 | -452.7062571
PH, -586.2412929 | -662.6211356 | -738.9820406 | -586.2277139 | -662.6153609 | -738.9793609
CHs -283.964123 | -360.3438706 | -436.703493 | -283.9485841 | -360.3359537 | -436.6989573
SiHs -535.014325 | -611.3953131 | -687.7556607 | -535.0021096 | -611.3879234 | -687.7515707
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Table 6.9:

ZPVE corrections of the water catalyzed transition states at the CCSD(T)/aug-cc-

pV(T+d)Z//MP2/jul-cc-pV([TZ,QZ]+d)Z + A CCSD(T)/6-31+G* level of theory in units of kcal mol~!.

| Substituent | TSN1 [ TSN2 [ TSN3 | TSO1 [ TSO2 | TSO3 ||

H 28.01 [ 44.28 [ 60.58 [ 28.31 [ 44.75 [ 61.06
F 22.83 | 39.19 | 55.17 [ 23.07 [ 39.53 [ 55.60
Cl 22.16 | 38.49 | 54.56 [ 22.41 [ 38.88 [ 55.03
OH 30.59 | 47.20 | 63.35 [ 30.92 [ 47.16 [ 63.38
SH 27.60 | 43.50 | 60.17 | 27.97 [ 44.32 | 60.37
NH, 38.86 | 54.92 [ 71.05 | 39.21 | 55.44 | 71.51
PH, 33.16 | 49.13 | 65.54 | 33.38 | 49.74 | 65.86
CHs 45.70 | 61.77 | 77.46 | 45.92 | 61.96 | 78.09
SiHs 37.65 | 53.95 | 70.16 | 37.91 | 54.40 | 70.83

Table 6.10: 298 K Gibbs energy corrections of the water catalyzed transition states at the CCSD(T)/aug-cc-
pV(T+d)Z//MP2/jul-cc-pV([TZ,QZ]+d)Z + A CCSD(T)/6-31+G* level of theory in units of kcal mol=!.

Table 6.11:

[ Substituent | TSN1 | TSN2 [ TSN3 [ TSO1L [ TSO2 [ TSO3 ||

H 1154 | 26.19 | 40.31 | 11.98 | 26.73 | 40.78
F 5.26 | 10.58 | 34.26 | 5.69 | 20.39 | 33.02
Cl 3.98 | 1855 | 3321 | 442 | 19.20 | 32.87
OH 12.89 | 27.62 | 42.83 | 13.35 | 27.61 | 41.59
SH 9.08 | 2364 | 37.43 | 9.63 | 24.22 | 33.76
NH, 20.99 | 35.78 | 49.91 | 21.60 | 36.05 | 50.71
PH, 14.27 | 29.20 | 42.94 | 14.60 | 29.33 | 43.93
CHj 27.28 | 41.84 | 55.12 | 27.78 | 42.90 | 56.60
SiH; 19.06 | 33.45 | 47.03 | 18.11 | 33.79 | 47.78

Electronic energies of the RNCO catalyzed transition states at the CCSD(T)/aug-cc-

pV(T+d)Z//MP2/jul-cc-pV([TZ,QZ]+d)Z + A CCSD(T)/6-314+G* level of theory in units of hartree.

[ Substituent | TSNy4 IN[-N |  TSNg TSO,4 INT-O TSOg

H ~413.202777 | -413.2066795 | -413.204246 | -413.1926975 | -413.2549686 | -413.1848742

F -611.3072504 | -611.38562 | -611.3178039 | -611.2981323 | -611.3637812 | -611.2956689
ClI “1331.39357 | -1331.467287 | -1331.376764 | -1331.382073 | -1331.44117 | -1331.376764
OH ~563.3381657 | -563.4283122 | -563.353249 | -563.3266384 | -563.3980269 | -563.3249864
SH “1208.64858 | -1208.731445 | -1208.653818 | -1208.639777 | -1208.700815 | -1208.636545
NH, ~523.6714178 | -523.7567986 | -523.686666 | -523.660973 | -523.7276022 | -523.6571952
PH, -1096.225175 | -1096.305785 | -1096.224111 | -1096.215638 | -1096.271357 | -1096.209557
CHj ~491.6688729 | -491.7641649 | -491.6796428 | -491.6572195 | -491.7223581 | -491.6536195
SiHs ~093.773049 | -993.8587526 | -993.767101 | -993.7630792 | -993.8176374 | -993.7555108
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Table 6.12: ZPVE corrections of the RNCO catalyzed transition states at the CCSD(T)/aug-cc-
pV(T+d)Z//MP2/jul-cc-pV([TZ,QZ]+d)Z + A CCSD(T)/6-31+G* level of theory in units of kcal mol™!.

| Substituent | TSN, [ INT-N | TSN | TSO4 | INT-O | TSOg ||

H 4520 | 4947 | 4581 | 44.11 49.2 44.73
F 34.37 | 38.11 34.46 | 34.37 37.9 33.48
Cl 33.24 | 36.75 32.82 | 31.88 36.5 32.34
OH 49.52 | 54.19 | 50.03 | 49.77 53.9 49.28
SH 43.86 | 48.23 | 43.72 | 43.40 47.8 43.86
NH, 66.31 70.33 | 66.96 | 65.95 70.2 65.88
PH, 55.24 | 59.23 54.92 | 53.94 59.0 55.16
CHs 80.42 | 84.93 | 80.89 | 79.24 84.2 80.15
SiHs 65.09 | 69.22 64.20 | 63.74 68.4 64.78

Table 6.13: 298 K Gibbs corrections of RNCO catalyzed transition states at the CCSD(T)/aug-cc-
pV(T+d)Z//MP2/jul-cc-pV([TZ,QZ]+d)Z + A CCSD(T)/6-31+G* level of theory in units of kcal mol~!.

[ Substituent [ TSN | INT-N | TSN [ TSO4 [ INT-O | TSOp ||

H 25.12 29.16 26.58 | 24.76 294 24.30
F 11.75 16.38 12.97 | 12.29 16.0 11.14
Cl 9.90 13.93 10.11 9.40 13.4 8.12
OH 25.97 | 32.55 27.75 | 27.37 31.7 27.54
SH 19.61 25.17 | 20.20 | 19.59 24.2 19.36
NH, 42.84 | 4747 | 44.94 | 43.35 49.1 42.54
PH, 30.63 | 36.04 30.67 | 30.22 34.5 29.76
CHs 56.49 | 61.96 58.15 | 55.84 61.9 56.15
SiHs 39.66 | 45.18 38.93 | 37.87 43.3 38.54
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Table 6.14: Focal point analyses for the CCSD(T)/cc-pVQZ transition states.

Below each table the

CCSDT(Q)/CBS energy is printed followed by the ZPVE correction, frozen core correction, scalar rela-

tivistic correction, and the DBOC. Units are kcal mol ~!.

TS1

HF +56MP2 +5CCSD  +5(T) +3T +6(Q)

cc-pVDZ  49.263  -16.692 3.394 -2.052  0.037  -0.160
cc-pVTZ 52518  -18.058 4.017 -2.757  [0.037]  [-0.160)
cc-pVQZ  53.668  -18.072 3.978 -2.877  [0.037]  [-0.160]
cc-pVBZ  54.078  -17.988 3.879 -2.889  [0.037]  [-0.160]
cc-pV6Z 54176  [-17.950]  [3.835]  [-2.894] [0.037] [-0.160]
CBS [54.197] [-17.899]  [3.775]  [-2.901] [0.037] [-0.160]

ECCSDT(Q)/CBS+A :37054’*1264’0244’0004*002 = 38.54

TS2

HF +6MP2 +5CCSD  +6(T) +3T +6(Q)

cc-pVDZ  57.665  -13.752 1.418 -1.414  0.086  -0.084
cc-pVTZ 59574  -15.228 1.970 -2.068  [0.086] [-0.084]
cc-pVQZ  60.690  -15.179 1.919 -2.156  [0.086] [-0.084]
cc-pVBZ  61.021  -15.087 1.809 -2.156  [0.086]  [-0.084]
cc-pV6Z  61.102  [-15.046]  [1.760]  [-2.156] [0.086]  [-0.084]
CBS [61.120] [-14.990]  [1.693]  [-2.155] [0.086] [-0.084]

ECCSDT(Q)/CBS+A :4567+155+032+0001*003 = 47.51

TS3
HF +6MP2 45 CCSD  +6(T) +3T  +6(Q)
cc-pVDZ  37.920  -8.822 0.412 -0.494  0.091  -0.018
ce-pVTZ  41.231  -10.701 0.840 -1.092  [0.091]  [-0.018]
cc-pVQZ 42343 -10.911 0.723 -1.179  [0.091]  [-0.018]
cc-pVEZ 42,6717 -10.967 0.605 -1.192  [0.091]  [-0.018]
cc-pV6Z 42753 [-10.992]  [0.552]  [-1.197] [0.091]  [-0.018]
CBS [42.771]  [-11.026]  [0.480]  [-1.205] [0.091]  [-0.018]

ECCSDT(Q)/CBS+A = 3110-’-221-&-011-"—008*003: 33.47

TS4

HF +6 MP2 +5CCSD  +6(T) 46T 46 (Q)

ce-pVDZ  -15.566 4.551 -2.787 1472  0.058  0.286
cc-pVTZ  -13.274 3.219 -2.924 1221  [0.058]  [0.286]
cc-pVQZ  -12.449 3.028 -3.195 1171  [0.058]  [0.286]
cc-pVBZ  -12.151 3.042 -3.3897 1171 [0.058]  [0.286]
cc-pV6Z  -12.070  [3.048] [-3.474]  [1.171] [0.058]  [0.286]
CBS [-12.051]  [3.056] [-3.592]  [1.171] [0.058]  [0.286]

NET
-11.986

EccspT(Q)/oBs+a = —11.07+4.79+0.04+0.11-0.01= —6.13

TS5

HF +56 MP2 +5CCSD  +6(T) +3T  +6(Q)

cc-pVDZ  33.063  -13.569 1.741 -1.389  0.059  -0.055
cc-pVTZ  35.835  -14.068 2.059 -1.864  [0.059]  [-0.055]
cc-pVQZ  36.960  -13.892 1.923 -1.921  [0.059]  [-0.055]
cc-pVBZ  37.354  -13.790 1.781 -1.915  [0.059]  [-0.055]
cc-pV6Z  37.440  [-13.744]  [1.719]  [-1.912] [0.059]  [-0.055]
CBS [37.459] [-13.682]  [1.633]  [-1.909] [0.059] [-0.055]

ECCSDT(Q)/CBS+A :2351+243+025+001*001 = 26.19
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Table 6.15: Focal point analyses for the CCSD(T)/cc-pVQZ minima. Below each table the CCSDT(Q)/CBS
energy is printed followed by the ZPVE correction, frozen core correction, scalar relativistic correction, and
the DBOC. Units are kcal mol ~1.

M1
HF +dMP2 +46CCSD +6(T) 40T 44 (Q) NET
cc-pVDZ  -26.966 4.817 -2.451 1.545 0.088 0.289 -22.678
cc-pVTZ  -24.267 3.542 -2.665 1.325  [0.088] [0.289] [-21.688]
cc-pVQZ  -23.352 3.322 -2.974 1.282 [0.088] [0.289] [-21.345]
cc-pVbZ  -23.035 3.301 -3.170 1.280  [0.088] [0.289] [-21.247]
cc-pVo6Z -22.950 [3.292] [-3.256] [1.279] [0.088] [0.289] [—21.258]
CBS [—22.929] [3.279] [-3.375] [1.277] [0.088] [0.289] [—21.371]
ECCSDT(Q)/CBS+A =-21.37+5.624-0.014+0.12-0.02 = —15.64
M2
HF 46 MP2 +6CCSD +6(T) +6T +6(Q) NET
cc-pVDZ  -6.097 3.783 -3.473 1.408 0.098 0.257 -4.026
ce-pVTZ  -3.575 2.025 -3.438 1.073 [0.098] [0.257] [-3.561]
c-pVQZ  -2721 1947  -3.676  1.055 [0.098] [0.257] [-3.040]
cc-pVBZ 2449 2002 -3.858  1.070 [0.098] [0.257] [-2.881]
co-pV6Z 2377 [2.026]  [-3.939]  [1.077] [0.098] [0.257] [-2.859]
CBS [-2.360] [2059] [-4050] [1086] [0098] [0.257] [—2.911}
ECCSDT(Q)/CBS+A = -2.91+45.474+0.134-0.10-0.02= 2.77
M3
HF +dMP2 +5CCSD 40 (T) 46T +6(Q) NET
cc-pVDZ  -18.908 4.087 -2.700 1.404 0.060 0.286 -15.771
cc-pVTZ  -16.498 2.796 -2.825 1.154 [0.060] [0.286] [—15.027]
cc-pVQZ  -15.696 2.693 -3.101 1.125 [0.060] [0.286] [—14.633]
cc-pV5Z  -15.386 2738 -3.208 1133 [0.060] [0.286] [-14.467]
cc-pV6Z  -15309  [2.758]  [-3.384]  [1.136] [0.060] [0.286] [-14.453]
CBS [-15.291] [2.780] [-3.504] [1.141] [0.060] [0.286] [-14.522]
ECCSDT(Q)/CBS+A = -14.524-5.534+0.08+0.10-0.00y= —8.83
CO; + NH;
HF +dMP2 +6CCSD +6(T) 40T 44 (Q) NET
cc-pVDZ  -25.854 -0.261 0.277 -0.004  0.037 0.022 -25.784
ce-pVTZ  -24.249 1.891 -0.072 0.214 [0.037] [0.022] [-22.156]
c-pVQZ 23713 2533 -0.281 0306  [0.037] [0.022] [-21.097]
cc-pVoHZ -23.495 2.813 -0.416 0.352 [0.037] [0.022] [—20.688]
cc-pVo6Z -23.435 [2.937] [-0.476] [0.372] [0.037] [0.022] [-20.543]
CBS  [23420] [3.107]  [-0.558]  [0.400] [0.037] [0.022] [-20.412]

Ecospr(q)/ossia = 20.4142.07+0.11-0.07+0.05 = ~18.27
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Table 6.16: Focal point analyses for the CCSD(T)/aug-cc-pVTZ van der Waals complexes. Below each table
the CCSDT(Q)/CBS energy is printed followed by the ZPVE correction, frozen core correction (Obtained at
the CCSD(T)/aug-cc-pCVTZ level of theory), scalar relativistic correction (obtained using the decontracted
aug-cc-pCVTZ basis set), and the DBOC (at the SCF/aug-cc-pVTZ level of theory). Units are kcal mol ~*.

VDW1
HF  4+6MP2 +5CCSD 446 (T) 46T +6(Q) NET
aug-cc-pVDZ  -4.596  -1.965 0518  -0.354  0.037 -0.008  -6.367
aug-cc-pVTZ  -4.380  -2.088 0485  -0.334 [0.037] [-0.008] [-6.289)
aug-cc-pVQZ  -4.335  -2.005 0.504  -0.330 [0.037] [-0.008] [-6.137]
aug-cc-pV5Z  -4.306  [-1.976]  [0.510]  [-0.328] [0.037] [-0.008] [-6.070]
aug-cc-pV6Z  [-4.295] [-1.963]  [0.513]  [-0.327] [0.037] [-0.008] [-6.042]
CBS [4.200] [-1.945]  [0.517]  [-0.326] [0.037] [-0.008] [-6.015]
Eccspr(q)/opssa = 6.0241.72-0.07++0.02-0.02 = —4.36
VDW2
HF  4+6MP2 +5CCSD 44 (T) 46T +6(Q) NET
aug-cc-pVDZ  -2.014  -1.683 0282  -0.256 0.010 -0.001  -3.662
aug-cc-pVTZ -1.844  -1.673 0281  -0.244 [0.010] [-0.001] [-3.471]
aug-cc-pVQZ  -1.802  -1.552 0310  -0.240 [0.010] [-0.001] [-3.276]
aug-cc-pV5Z  -1.779  [-1.509]  [0.320]  [-0.239] [0.010] [-0.001] [-3.198]
aug-cc-pV6Z  [-1.771]  [-1.490]  [0.325]  [-0.238] [0.010] [-0.001] [-3.165]
CBS 1.767] [-1.464]  [0.331]  [-0.238] [0.010] [-0.001] [-3.128]

Eccspr(q)/cpssa = 3.17+1.43-0.0340.00,-0.01 = ~1.73
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6.4 Chapter 4

6.4.1 Lab Exercise Handout

Introduction

Every single application of scientific computing, whether in fields such as biology, chemistry, physics, or
meteorology walks a delicate balance between the computing time (known as cost) and accuracy of model
results. In an ideal world, one would simply increase the computational resources used until a desired accu-
racy can be obtained in an acceptable time frame. Unfortunately, limitations due to economic cost, scaling
of algorithms, and the physical design of computational technology often preclude this approach. Instead,
some compromise between cost and accuracy must be chosen. Understanding the logic and justification
behind these kinds of difficult decisions is an invaluable skill for any scientist interacting with computational
methods. This lab utilizes ab initio quantum chemistry to study the combustion energy of the methane as a
representative example of how computational quantum chemists approach this dilemma. The primary learn-
ing goals are less about the technicalities of computational quantum chemistry and more about developing

the necessary skills to be an effective computational scientist in any field.

Instructions

This lab exercise will require the accompanying Excel sheet. Complete all of the tasks below and answer the

Questions in a separate lab write-up that will be turned in with your completed Excel notebook.

Part 1: Obtaining the Data

Computational chemists make chemical predictions based on solutions of the Schrodinger equation, which
correspond to the electronic energy of some spatial arrangement of atoms (usually forming a molecule). The
Schrédinger equation cannot be solved analytically for all but the simplest cases, thus approximate methods
are utilized. An approximate solution is said to be obtained at a particular level of theory, i.e a particular
method and basis set combination. The method is the algorithm describing the physics of the system and
can have significantly varying complexity. The basis set refers to the mathematical functions used to describe
the orbitals and provides better predictions as its size increases. The first part of the lab involves computing
the methane combustion reaction energies at various levels of theory. The methods (Hartree-Fock (HF),
MP2, CCSD, and CCSD(T)) and basis sets (cc-pVDZ, cc-pVTZ, cc-pVQZ, and cc-pV5Z) for this lab are

listed in order of increasing sophistication and size, respectively.
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Below are the Cartesian coordinates for the equilibrium geometries of each reactant (CH4 and Os) and
product (CO2 and H50). Using the empty tables in the Excel sheet and the Psi4 tutorial, compute and
record the energy of each geometry at every level of theory (combination of basis set and method). Consider

the following tips as you perform the computations.

1. Hartree-Fock, MP2, and CCSD values are computed as a byproduct of each CCSD(T) job and are
printed at the bottom of the output file. You should only have to run one computation for each basis

set and molecule pair.

2. The ground state of Oy is a triplet two electrons are unpaired), so the spin multiplicity needs to be set

to 3. See the Psi4 tutorial for guidance on where this change is made.

3. The cc-pV5HZ row is already filled out for you in the Excel sheet and can be used to check that your
results are in the ballpark. The cc-pV5Z values should not differ with any other energies in the same

column by more than 1 hartree.

Cartesian Coordinates:

CH,4
0.0000000000  —0.0000000000  —0.0000000029
0.0000000000 0.8891689480  0.6287338751
-0.0000000000  0.8891689480  0.6287338751
0.8891689588  0.0000000000  —0.6287338578
-0.8891689588 —0.0000000000 —0.6287338578

TEHEEQ

©

> (Triplet)
O 0.0000000000  0.0000000000 -0.6061050518
O 0.0000000000 0.0000000000  0.6061050518

CO,
O 0.0000000000 0.0000000000 -1.1662885018
C 0.0000000000 0.0000000000  0.0000000000
O 0.0000000000 0.0000000000  1.1662885018
H,O0
H 0.0000000000 0.7538827233 -0.5270184796
O 0.0000000000  0.0000000000  0.0664139108
H 0.0000000000 -0.7538827233 -0.5270184796

Once you have all of the data, compute the reaction energy at each level of theory (Products — Reactants,
assuming one unit of CHy is reacting). Note that the energy is in hartree units which is likely disconnected
from your chemical intuition. Convert the table of reaction energies to the more practical kcal mol~! units
commonly used in thermodyanmics. Quickly “Google” the energy of this reaction to make sure you are

qualitatively in the ballpark. We will closely compare to a reliable experimental value later.
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Part 2: Analyzing the Error

There are many sources of error and approximations made in our computations, but most of these are beyond
the scope of this lab. The two primary and largest sources of error that we will consider are basis set size and
sophistication of method (i.e. correlation energy). In our example, the methods and basis sets are built such
that they systematically converge to an answer that completely eliminates both of these sources of error in
the absolute energies if we were to continue with higher order methods or larger basis sets in the series. As
the predicted absolute energies for each species approach the error free limit, we can observe what happens to
the energy of reaction. In practice, computing a result that is converged to the “exact answer” is incredibly
expensive and usually impossible to obtain. We provide a reference “exact answer” for comparison in the
Excel sheet which has been converged as tight as possible with respect to both sources of error and can be
used to benchmark the total error in your predictions. Generally, most high level theoretical studies seek
error that is within chemical accuracy, or less than 1 kcal mol~!.

Question 1: Consider the first row (i.e. the cc-pVDZ basis set) of your energy of methane combustion
table. Describe the effect of increasing the quality of the method both qualitatively and quantitatively on
the predicted reaction energies. Be sure to focus on the jumps between consecutive predictions. Does the
same overall trend hold for all basis sets?

Question 2: Now consider the Hartree—Fock column of the energy of combustion table. Describe the
trends in combustion energy due to basis set size, again commenting on the qualitative and quantitative
features. Do the same trends hold for all methods?

Question 3: Rank the top five level of theory that are in most agreement with the “exact answer”.

What is the error of the best case result? Is it within chemical accuracy?

Part 3: Analyzing the Cost

One of the reasons we do an error analysis like this, also called a benchmark, is so that we are able to
predict the error that might exist in larger systems by studying smaller similar systems on which high level
computations are affordable. What if we wanted to study the combustion energy of larger hydrocarbons
like propane or butane instead of methane? Computational cost becomes a major roadblock for studying
these larger molecules. Below we will estimate how expensive it would be to obtain energy computations for
propane and then combine these estimates with our error analysis in Part 4 to determine a level of theory
that might be a reasonable choice to study propane combustion with.

You might have noticed that some of the computations you ran in Part 1 took different lengths of

time. The computational cost to produce a single energy value is dependent on the number of electrons,
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the symmetry of the molecules (i.e. the point group), the method employed, the size of the basis set, the
memory allotment, and the speed of the computer. In our case, holding all else equal, we are going to
focus on basis set size and level of theory, which also happen to be the primary cost prohibiting factors
for obtaining higher quality results. The reason for this is that improving the method requires solving of
increasingly complicated mathematical operations and larger basis sets increase the number of times these
operations must be performed. Therefore, the propane molecule (eleven atoms and 26 electrons) would take
significantly longer to compute than methane (five atoms and 10 electrons).

Fortunately, there are ways to estimate how long certain computations will take using exponential func-
tions and the fact that each method scales approximately according to a function of the form: time=(number
of basis functions)®. The exponent (z) is known as the scaling factor and is an integer determined from the
complexity of the algorithm underlying each theoretical method. (x= 4, 5, 6, and 7 for HF, MP2, CCSD,
and CCSD(T), respectively). Thus, for any given method, If we have a reference computation time with a
small number of basis functions, we can determine a rough estimate for the time it will take to perform the
same computation with a larger basis set, allowing us to make an educated guess about what levels of theory
can be afforded. Though we only consider time here, be aware that computer memory would be severely
limiting as well, but it is not considered for the sake of simplicity.

Question 4: The accompanying spreadsheet has possible HF, MP2, CCSD, and CCSD(T) computation
times (in seconds) of propane with a cc-pVDZ basis set on a hypothetical computer. Using this information,
the scaling factors, and the number of basis functions necessary to describe propane for each cardinality
(also in the spreadsheet), calculate estimates for the time it would take to compute propane at each level of

theory.

a) Which propane jobs would not finish in a day?
b) If you started it today, what calendar day would the propane CCSD(T)/cc-pV5Z job finish?

¢) The next method we could have included in this study is CCSDT which has a scaling factor of 8. Make
an approximate guess how many basis functions it would take for a propane CCSDT computation to
finish in one year, assuming that a CCSDT /cc-pVDZ job takes 5 seconds to compute? Now approximate

a value using the scaling formula. Does the result surprise you?

d) Propane is described by 202 basis functions and a CHy group is described by 58 basis functions using
the cc-pVTZ basis set. Assume you have a month (30 days) to determine the CCSD energy of various
alkanes and that the computation time only depends on the number of basis functions. What is the

largest single branched alkane you could compute in the given time frame based on your estimate?
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Part 4: Balancing Cost and Accuracy

You have thus far performed a small benchmark analysis for the combustion of propane using error estimates
of methane combustion and estimated computation times for propane. This is the point where the analyses
are combined and a level of theory must be selected given the constraints and the research goal. Though the
final decision might be obvious, the fact that benchmark data reinforces a selection of level of theory is vital
to a computational study. The following questions allow you to make that sort of decision for the study of
propane and also ask you to consider some more interesting concepts related to this benchmark that you
might not have considered.

Question 5: Pretend that your task between now and next week’s lab (7 days) will be to compute the
combustion energy of propane as accurately as possible. What level of theory would you select to produce
the best possible results and ensure you finish the assignment on time based on your previous error and cost
analysis? Provide justification. For this analysis to be valid, we assume that the patterns in the combustion
energy of methane are similar to that of propane, with respect to level of theory. How could you test
the validity of this assumption between now and next week’s lab? (Hint: you are not restricted to one
computation.)

Question 6 : Consider the predicted MP2/cc-pVTZ methane combustion energy, which exhibits a
remarkably low error relative to the “exact answer”. We have emphasized that increasing the basis set and
the method will eventually converge to an answer free of error due to finite basis size or correlation energy.
Knowing this, suggest an explanation for why the error increases going from MP2/cc-pVTZ to CCSD/cc-
pVTZ and MP2/cc-pVQZ and why MP2/cc-pVTZ might not be a wise selection for larger systems. (Hint:

consider that the MP2 column and cc-pVTZ row are approaching.)

Part 5: Some Cost Saving Measures:

By now you should have an appreciation for the tension between the cost and accuracy trade-off as it
applies to computational chemistry. In the long term, the hope is that better methods or faster computers
become widely available. In the meantime, there are always clever tools being developed that can be used to
improve accuracy without significantly increasing the cost, or lower the cost without significantly lowering
the accuracy. Below details two small exercises that introduce two such tools: additive corrections and basis
set extrapolation.

Additive corrections: Our energy computations contain many approximations that exclude the treat-
ment of certain physical effects. We can sometimes compute the effect of treating one or more of these

features at a lower level of theory, add its influence to the reaction energy (Product-Reactants), and improve
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our predicted energy with minimal cost.

Question 7: So far we have only considered predictions of electronic energies, which cannot be directly
compared to experiment (experimental results include rotational and vibrational energy). Use the following
NIST jwebsite to find the experimental 298 K enthalpy (AH) of methane combustion. (Note, the experi-
mental combustion of methane value involves the liquid phase of water. You will need to use the same site to
find the 298 K enthalpy values for water in the gas phase and liquid phase and adjust the experimental value
to correspond with your theoretical predictions. Remember your balanced reaction has two units of water.)
How far is your CCSD(T)/cc-pV5Z methane combustion energy away from the experimental value? Though
the electronic energy we have obtained might be excellent, exclusion of an enthalpy correction results in
significant disagreement from experiment. Using guidance from the PSI4 tutorial, compute the harmonic
vibrational frequencies at the MP2/cc-pVDZ level of theory. Then calculate the additive 298 K enthalpy
correction using the results from the harmonic frequency computation. How does the 298 K enthalpy of
combustion compare to the experimental value? Is it within chemical accuracy? You could obtain this
correction at a higher level of theory for even better results, but we can often assume that the error due to
level of theory in a correction is far less severe than excluding a correction altogether.

Basis set extrapolation: Certain basis sets, such as the ones used thus far, are built to systematically
converge to the complete basis set (CBS) limit. The CBS limit is the energy result at a given method
obtained with an infinite basis set size, if such a computation could be performed. The CBS limit can be
estimated by increasing the size of the basis set until the energy does not change anymore (this is very
expensive to do) or by the use of specially designed basis set extrapolation functions. We will consider the
use of basis set extrapolation techniques to estimate a CCSD(T) methane combustion energy free from error
due to basis set size and evaluate the cost savings of such an approach.

Question 8:

Take as a given that the CCSD(T)/CBS methane combustion energy is —194.52 kcal mol~! (obtained
with extremely large basis sets). The astute observer might notice that this value, though considered free
from basis set error, is significantly different from the “exact answer” given previously. This should be noted,
but is of no concern for our consideration of basis set extrapolation because the “exact answer” consists of
higher order methods beyond CCSD(T). Therefore, we will only focus on the CCSD(T) column and the
CCSD(T)/CBS value given at the start of this paragraph.

Make a small table and determine the error between the CCSD(T)/cc-pVXZ (X= D, T, Q, 5) methane
combustion energies and the given CCSD(T)/CBS prediction. Now, consult the PSI4 tutorial. Cor-
rectly modify the input files (instructions given in the tutorial) to compute an extrapolated estimate of

the CCSD(T)/CBS energy for each species using a two-point extrapolation of CCSD(T)/cc-pVTZ and
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CCSD(T)/ce-pVQZ energies. We will refer to this value as CCSD(T)/cc-pV{T,Q}Z. Use these predic-
tions to compute a combustion energy (products — reactants). Ammend the table you just made to compare
the CCSD(T)/cc-pV{T,Q}Z prediction to the given CCSD(T)/CBS energy. Comment on the errors in your
table you just made, giving specific attention to the CCSD(T)/ce-pV{T,Q}Z and CCSD(T)/cc-pV5Z cases.

Consider your estimated timings for propane. How long would it take to compute the CCSD(T)/cc-pVTZ
and CCSD(T)/cc-pVQZ values one after another? How much time would be saved by performing a T,Q
extrapolation rather than a CCSD(T)/cc-pV5Z computation?

Though this cost savings is impressive, there is not an absolute guarantee that the larger propane molecule
will converge to the CBS at the same rate as methane. Nevertheless, extrapolation is an excellent tool to
estimate values that are far too expensive to compute explicitly. Even though basis set extrapolation can be
a wonderful tool, it also must be benchmarked and utilized appropriately to produce meaningful results. For
example, a cc-pV{D,T}Z extrapolation is known to produce poor results even though it would be extremely

fast. In practice one might try a variety of extrapolation methods and average the results.

6.4.2 Psi4 Tutorial

The following will be a guide for utilizing the Psi4 quantum chemistry package for the purposes of completing

the “Computational Methane Combustion” laboratory exercise.

Structure of the input file

A simple example of an input file is shown in Figure[6.15] There are three principle parts of the input file that
we will focus on: the molecule, the computation parameters, and the extra options. The molecule section
receives a list of atoms followed by their respective x, y, and z coordinates (An example for Ny is presented).
Directly preceding the coordinates are a pair of numbers that specify the charge and spin multiplicity of the
molecule, respectively. These need not be changed from the default charge (0) and multiplicity (1) except
for the the O2 molecule which has a triple ground state (multiplicity =3).

The computation parameters specify the kind of quantum chemistry computation that you would like to
perform along with the method and basis set it will be obtained with. Most settings in Psi4 are changed
by typing the word “set” on a line followed by the option you are specifying and the setting you would like.
The “basis” option is no different, and you simply enter the name of the basis set you desire to use. To call
a particular type of computation requires a slightly different syntax; a line that denotes what you would
like to compute, followed by parentheses that contain the desired method in quotes. The example shown in

Figure would specify a single energy computation of Ny at the CCSD(T)/cc-pVDZ level of theory.
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memory 30 GB
Molecule Section

molecule
01
\ 0.0000000000 0.0000000000 -0.5501452529

N
}

0.0000000000 0.0000000000 0.5501452529

#Extra Options

set freeze_core true
set reference uhf
set e_convergence 9
set d_convergence 9
set maxiter 500

set basis cc-pvdz

energy('ccsd(t)')

Figure 6.15: The input file structure with the molecule block highlighted in green and the charge and
multiplicity options denoted by the pink text.

The extra options section in the middle of the file contains more advanced details of the computation.
The extra options currently specified in Figure should be used as default for the entire exercises. Curious
students may want to explore these and other options after completing the assignment, but should not do

so when gathering the lab data to avoid unnecessary errors.
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memory 30 GB

molecule {
01
N 0.0000000000 0.0000000000 -0.5501452529

N
}

0.0000000000 0.0000000000 0.5501452529

#Extra Options

set freeze_core true
set reference uhf
set e_convergence 9
set d_convergence 9
set maxiter 500

set basis cc-pvdz

energy('ccsd(t)') +——— Method Selection

Figure 6.16: The input file structure with the basis set and method specifications denoted with pink and
green arrows, respectively.

Submitting jobs

This exercise can be completed with any computer that has the Psi4 program installed properly. Installation
instructions can be found on the Psi4 website here: (https://psicode.org/) with versions are available for all
standard OS options (Windows, Apple, and Linux). The end of this guide contains detailed information on
how to install, navigate, and run jobs using each operating system’s terminal.

Users should create a new folder for each job that they will run and leave nothing inside but an input file
named “input.dat”. If the user is in an empty directory with an input file, Psi4 is installed, and the proper
environment is active, users simply enter “psi4 input.dat” to begin the computation. If working correctly,
the program should start and an “output.dat” file should be generated in the job folder. This file can be
periodically checked to ensure the job is running correctly and analyzed upon completion for the desired
data (example below). One should wait until the first job is finished running before submitting a second job,
but most should be quite fast.

N.B. It is good practice to not overwrite completed successful jobs. The best protect from this is to
put each job in its own directory and make sure the directories are well organized. Figure presents a

suggested directory structure for this experiment.
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I Project |

Molecule_1

cc-pvVDZ
cc-pvT

cc-pvQzZ
cc-pV5Z

Molecule 2
cc-pVDZ
cc-pVTZ

[cc-pvQz]

[ cc-pvsz ]

Molecule_3

cc-pVDZ
VTZ
cc-pvQZ
cc-pVvVsZ

g

(2]
(]
©

]

Figure 6.17: Example directory structure.

Collecting the data

The output file can be intimidating and cryptic to the untrained eye. This section will only focus on
finding the results that are needed to complete this lab and should not be considered an exhaustive guide
to searching the output file. Most of the lab entails generating HF, MP2, CCSD, and CCSD(T) energies at
different geometries and basis sets. Note that a single CCSD(T) computation will provide the HF, MP2,
and CCSD results for “free”. To find these values, open the output file of a CCSD(T) job and go to the
bottom. You should see something similar to Figure reftutorial4. The colored boxes highlight where each of
the desired values are for this study. Note that all values here are in hartree units. Be sure to grab at least

eight decimal places of precision.
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SCF energy (wfn) -108.953752006472115 <¢— Hartree-Fock Energy
Reference energy (file1@e@) -108.953752006472101

-0.228029239552601
-0.083342556859920
-0.000000000000000
-9.311371796412521

-189.265123802884617 ¢—— MP2 Energy

-0.245674626386178
-0.067983009842460
0.0000000060000000
-9.313657636228639
-109,267409642700741

Opposite-spin MP2 correlation energy
Same-spin MP2 correlation energy
Singles MP2 correlation energy
MP2 correlation energy

* MP2 total energy

Opposite-spin CCSD correlation energy
Same-spin CCSD correlation energy
Singles CCSD correlation energy
CCSD correlation energy

* CCSD total energy

et lIt i I IIIIT
* *
o CCTRIPLES L
* *

L e e

Wave function ccsD_T
Reference wfn RHF

23.566215636821322
-108.953752006472115
-108.953752006472101

-0.313657636228639

-109.267409642700741 ~¢—— CCSD Energy

Number of 1jk index combinations: 84
Memory available in words : 3750000000
~Hords needed per explicit thread: 500
Number of threads for explicit ijk threading: 4

Nuclear Rep. energy (wfn)
SCF energy (wfn)
Reference energy (filel1eo0)
CCSD energy (file18o)
Total CCSD energy (file1e@)

MKL num_threads set to 1 for explicit threading.

(T) energy -0.012017703989390

* CCcsD(T) total energy -109.279427346690127 - CCSD(T) Energy

Psi4 stopped on: Friday, 25 June 2021 04:21PM
Psi4 wall time for execution: 0:00:08.23

*** psiq4 exiting successfully. Buy a developer a beer!

Figure 6.18: Example output file with the HF, MP2, CCSD, and CCSD(T) energy locations denoted.

Advanced computations

The last part of the lab requires a harmonic vibrational frequency computation to obtain the 298 K en-
thalpy correction for each species, which allows for comparison to experimental results. To do so, simply
replace the “energy(‘method’)” line with a line that says “opt(’'method’)” followed by another line that says
“freq(‘method’)” in the input file (the geometry needs to be optimized at the desired level of theory first).
Make sure you enter the correct method and basis set as well. The output files for these jobs are quite
different and and example is shown in Figure. Be sure to grab the value on the leftmost column otherwise
the units will be incorrect.

In order to compute the CCSD(T) energy extrapolated to the CBS limit, the line specifying the basis
set should be deleted and the line calling an energy computation should be replaced with the following:
“energy(cbs, corl_.win="cesd(t)’, corl_basis=’cc-pv([t,q]+d)z’, corl_scheme=corl xtpl_helgaker_2)” The final

result can be obtained from the location denoted in Figure [6.20
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==> Thermochemistry Energy Analysis <==

Raw electronic energy, EO
Total E@, Electronic energy at well bottom at -1088.98294582 [Eh]

Zero-point energy, ZPE_vib = Sum_i nu_1i / 2
Electronic ZPE 0.000 [kcal/mol] 0.0600 [kl/mol] 6.00000000 [Eh]
Translational ZPE 0.000 [kcal/mol] 0.088 1 6.00000000 [Eh]
Rotational ZPE 0.000 [kcal/mol] 0.000 [k ] f.00000000 [Eh]
vibrational ZPE 4.771 [kcal/mol] 19.963 ] 0.00760368 [Eh] 1668.815 [cm~-1]
Correction ZPE 4.771 [kealfmol] 19.963 [kJ/mol] 6.00760368 [Eh] 1668.815 [cm™-1]
Total ZPE, Electronic energy at @ [K] -108.97534214 [Eh]

Thermal Energy, E (includes ZPE)
Electronic E 0.000 [kcal/mol] 0.000 [kl/mol 6.00000000 [Eh]

]
Translational E 0.889 [kcal/mol] 3.718 [k 1 .00141628 [Eh]
Rotaticnal E 0.592 [kecalfmol] 2.479 [k ] 0.00094418 [Eh] 298 K
Vibrational E 5.104 [kealfmol] 21.354 ] 6.00813325 [Eh]

]

Correction E 6.585 [kcal/mol] 27.551 [kl/mol 6.01049371 [Eh] E th I
Total E, Electronic energy at 298.15 [K] -108.97245211 [Eh] r] Ei r))/

Enthalpy, H trams = E trans + k B * T

Electronic H 0.000 [kcal/mol] . [k3/mol] [Eh] CorrECtlon In
Translational H 1.481 [kcal/mol] 6 [k3/mo 0.00236046 [Eh] 9l
Rotational H 0.592 [kcal/mol] . mol] 6.00094418 [Eh] Kcal mOI
vibrational H Aa_Lk uls 4 [kJ/mol] ©.00813325 [Eh]

Correction H 7.177 [kcal/mol 38.038 [kl/mol] 6.01143789 [Eh]
Total H, Enthalpy at 258. R -188.97150793 [Eh]

Gibbs free energy, G =H - T * §
Electrenic G ©.000 [kecalfmol] [ka/mel] ©.00000000
Translational G -9.238 [kcal/mol] [k3/mol] -6.81470828
Rotatienal G -2.342 [kcal/mol] . [k3/mol] -0.00373248
vibrational G 4,627 [kcal/mol] [k3/mol] 06.00737383
Correction G -6.945 [kecal/mol] [k3/mol] -06.01106693
Total G, Free enthalpy at 298.15 [K] -188.99401276

Psi4 stopped on: Tuesday, 11 May 20821 02:13PM
Psi4 wall time for execution: ®:00:87.18

*** psiq4 exiting successfully. Buy a developer a beer!

Figure 6.19: Example output file for a vibrational frequency computation. The green box denotes the 298
K enthalpy correction.

cc-pv(q+d)z -108.99052272 xtpl_highest_1
ccsd(t) / cc-pv([tql+d)z -109.42688116 corl_xtpl_helgaker_2
cc-pv([tql+d)z -108.99614609 corl xtpl helgaker 2

cc-pv(q+d)z xtpl_highest_1
ce-pv([tql+d)z corl_xtpl_helgaker 2

Loading Basis Set

Nane: DEF2-5VP Final Extrapolated CBS Energy

Role: ORBITAL
Keyword: BASIS
atoms 1-2 entry N line 110 file fopt/psif4/master/share/psi4/basis/def2-svp.gbs

Psi4 stopped on: Friday, 21 May 2021 10:43AM
Psi4 wall time for execution: 8:00:26.07

*** psi4 exiting successfully. Buy a developer a beer

Figure 6.20: Example output file for a calculation of the CCSD(T)/CBS(3,4) energy.
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Troubleshooting

This lab exercise is designed so that all of the computations should be well behaved if completed correctly.
However, there is always room for human error. If an output file does not complete and raises and error,
it may be difficult to discern the issue with an untrained eye. Carefully look over your input file and make
sure that your syntax matches the example exactly. Use any hints from the error message to guide your
inspection. If you cannot find the issue, copy an input file from a peer who successfully completed a job and

modify their input.

Detailed installation and terminal instructions (all system prerequisites)

For each operating system, a similar installation and work-flow is suggested. However, the details will be
slightly different for each case. Below is a general startup guide for each OS which should allow students to
get Psi4 working on their personal laptops. We encourage instructors to have a basic working knowledge of
these procedures ahead of time and try to minimize the number of systems spanned by the students (The
number of issues would drastically decrease if students are all using the same version of an OS in a computer
lab, for example). If Psi4 is already installed, students can skip to the sections that focus on navigating files
and submitting jobs.

The following srteps should be performed: 1) go to psicode.org and select the download page. Select your
OS, the conda tab, version 3.8, and the nightly build tab, as shown in Figure 2) We will utilize the
miniconda program to install psi4. Select the gray miniconda link which will redirect to the website where
miniconda can be downloaded. Select the “Python 3.8” Miniconda3 option from your desired operating
system. This will download a file that can be used to install Miniconda like you would any other program.

Once that is finished, continue with the following steps pertaining to your operating system.

Detailed installation and terminal instructions (Windows)

Search for “Anaconda Prompt” in the windows program search box, which should find a link to open a
miniconda terminal. In this terminal, enter the full conda line provided in the gray box on the Psi4 website.
Please ensure that you are still selecting the correct OS, Psi4 version, and Python version. The program
will begin to install, and eventually reach a point where the terminal asks if it should proceed. Enter “y”
and continue. You can test Psi4 when it is finished installing by entering “psi4 —test” into the terminal and
ensuring all of the required tests pass successfully.

Now you are ready to submit jobs of your own. We suggest leaving the conda terminal open to actually

initiate Psi4, and a standard file browser open to edit and read the input and output files. In the file browser,
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Get Started with Psi4
Select Preferences

LINUX WINDOWS WSL WINDOWS

INSTALLER SOURCE

PREV RELEASE, v1.3.2 STABLE RELEASE, v1.4.0 NIGHTLY BUILD

Run this command

& GOTO MINICONDA INSTALLERS

conda install psi4 python=3.8 -c psi4/label/dev -c conda-forge

Figure 6.21: Psi4 installation webpage

find an empty directory and copy in or make the input.dat file from a plain text editor file. (be sure that
the file is not saved with the .txt ending)

The job is now ready to submit, and we just need to navigate the terminal into the directory with the
prepared input file and call Psi4. The terminal should start in your user home directory. You can see where
you are at by entering “cd”. To see what other folders are in your current directory, type the command “dir”.
To change directory, enter “cd target directory”. To go back one layer from your current location, enter “cd
../”. For example, considering the sample file structure shown above, if you are in the Project directory, you
could enter “cd Molecule_2/cc-pV5Z” to enter a specific job folder and then “cd ../../” to go back to the
project directory. Using these tools, navigate to the folder with the input file and enter “psi4 input.dat”.
The jobs should proceed and free up the terminal when it is finished. Use the open file browser to inspect
the output.dat file and determine if it is finished or not. Note, some of the jobs might finish instantaneously,
while others take a few minutes. Repeat the process by navigating to the other fresh folders with input files

that have not yet been run.

Detailed installation and terminal instructions (Mac and Linux)

Open a new terminal. In this terminal, enter the full conda line provided in the gray box on the psi4 website.
Please ensure that you are still selecting the correct OS, Psi4 version, and Python version. The program
will begin to install, and eventually reach a point where the terminal asks if it should proceed. Enter “y”

and continue. You can test Psi4 when it is finished installing by entering “psi4 —test” into the terminal and

ensuring all of the required tests pass successfully.
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Now you are ready to submit jobs of your own. We suggest leaving the terminal window open to actually
initiate Psi4, and a standard file browser open to edit and read the input and output files. In the file browser,
find an empty directory and copy in or make the input.dat file from a plain text editor file. (be sure that
the file is not saved with the .txt ending.)

The job is now ready to submit, and we just need to navigate the terminal into the directory with the
prepared input file and callPsi4. The terminal should start in your user home directory. You can see where
you are at by entering “pwd”. To see what other folders are in your current directory, type the command
“1s”. To change directory, enter “cd target directory”. To go back one layer from your current location,
enter “cd ../”. For example, considering the sample file structure shown above, if you are in the Project
directory, you could enter “cd Molecule_2/cc-pV5Z” to enter a specific job folder and then “cd ../../” to go
back to the project directory. Using these tools, navigate to the folder with the input file and enter “psi4
input.dat”. The job should proceed and free up the terminal when it is finished. Use the open file browser
to inspect the output.dat file and determine if it is finished or not. Note, some of the jobs might finish
instantaneously, while others take a few minutes. Repeat the process by navigating to the other fresh folders

with input files that have not yet been run.
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