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ABSTRACT

This dissertation presents the applications of high-level quantum chemistry methods to
several small molecular systems containing metal elements. These research projects
mainly focus on the prediction and characterization of novel alkaline-earth
metallacyclopentadienes, reaction mechanism and potential energy surface of Al + CO»
reaction, characterization of alkali-metal trihalides MX3 with heavy halogen (Cl, Br, and
I) elements, and vibrational spectra of alkali-metal trifluorides MF3. Highly accurate
coupled cluster and multireference methods have been employed throughout this
research. Those accurate results allow us to make useful comparison between experiment
and theory, and any identified inconsistencies have been heavily discussed. As a result,

new motivations have been provided for future research in relevant fields.
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CHAPTER 1

Introduction and Literature Review

1.1 Introduction

Over the past few decades, the rapidly expanding role of quantum chemistry have made it
a powerful tool in all branches of chemistry. The development of electronic structure
theory enables quantum chemistry to handle various chemical problems using rigorous
quantum-mechanical treatment, with high level of accuracy and reasonable computational
cost. In this chapter, the electronic structure theory involved in present study will be
briefly reviewed. These will mainly include Hartree-Fock (HF) theory, configurational
interaction theory, coupled-cluster theory, multireference methods, density functional
theory (DFT), and vibrational second-order perturbation theory (VPT2). These will be

followed by a prospectus introducing the main content and structure of this dissertation.

1.2 Ab Initio Methods
1.2.1 Hartree-Fock (HF) Method

The main task of theoretical quantum chemistry is to solve the Schrodinger equation

(1.1), where the H is the Hamiltonian operator for the molecular system, and ¥ is the
wavefunction of the system. Here we focus on solving non-relativistic, time-independent

Schrédinger equation. '



HY =EY (1.1)

The molecular Hamiltonian in atomic unit can be simply expressed as the equation 1.2.
Those terms in equation 1.2 correspond to nuclear kinetic energy, electron kinetic energy,
nucleus-electron attraction, nucleus-nucleus repulsion, and electron-electron repulsion,

respectively. In shorthand, equation 1.2 can be rewritten as 1.3.

nuc elec nuc clec nuc elec

A= S Vi v L S A5 L g
i Ty A>B i>j 1]
H=T,+T +Vy +Vy +V., (1.3)

To further simplify the Hamiltonian expression (1.3), we introduce the first important
approximation, Born-Oppenheimer (B-O) approximation.? The B-O approximation
assumes that nuclei are frozen compared to electrons, based on two facts: (a) the nuclei
are much heavier than electrons (~2,000:1 or more) and (b) the electron motions are

much faster than nuclear motions. With this approximation, the nuclear kinetic energy (
fN term in equation 1.3) can be ignored, and the nucleus-nucleus repulsion (¥, term)
can be treated as a constant. We can rewrite the equation 1.3 as the equation 1.4 which is

usually called the electronic Hamiltonian, . :

I:Ie:f;+VNe+V;€+VNN (1.4)



Such separation of electron and nucleus results in the electronic Schrédinger equation
(1.5, with the r and R being the coordinates of electron and nucleus, respectively) which
we solve for the electronic energy and electronic wavefunction. Note that, traditionally,

the constant term V,,, stays in the electronic Hamiltonian A, and it will only shift the

eigenvalues of the same eigenfunctions by a constant. Moreover, the electronic energy
E,(R) now only depends on nuclear coordinates R as fixed parameters, which means that
potential energy surface (PES) could be obtained if the electronic Schrodinger equations

can be solved with numerous sets of nuclear coordinates. This is also a direct result of B-

O approximation.
H,(r;R)¥ (r;R) = E,(R)¥,(r; R) (1.5)

The first successful way to solve electronic Schrodinger equation was proposed and
developed by Hartree, Fock, and Slater.> * In Hartree-Fock method, the electronic
wavefunction is represented by a Slater determinant (see generic equation 1.6) which

enforces an antisymmetric N-electron wavefunction.

Yr === . : (1.6)

The ¢ in Slater determinant is the spin orbital in spatial (three) and spin (one) coordinates

of electrons. The spatial orbitals (that is, the molecular orbital, MO) are expanded as



linear combination of atomic orbitals (AO) which are often represented by contracted
Gaussian-type functions (basis sets) to mimic Slater type orbitals. This is known as the

LCAO methods, as expressed in equation 1.7.

4,=2.Cix, (1.7)

With the Slater determinant representing the N-electron wavefunction, the Hartree-Fock
molecular electronic energy is expressed as equation 1.8, with the energy always greater

than or equal to the exact (true) energy. In details, the electronic Hamiltonian is the sum

(equation 1.9) of one-electron operators ( f ) and two-electron operators ( g).

E,(R), =(¥.(;R)|A,

Y, (5R)>E (1.8)

exact

H,=3/+28, (1.9)

i<j

The Hartree-Fock energy can then be written as equations 1.10, with the last two
terms being Coulomb and exchange integrals, respectively. The variational theorem
allows us to minimize the Hartree-Fock energy via varying the spin orbitals in Slater

determinant, and the resulting optimized orbitals are eigenfunctions of the Fock operator

( F ) with the eigenvalues being orbitals energies ( &, ), as shown in equation 1.11.



Eyp :<\Ije Zﬁ+ngy \Pe>
oo (1.10)
= D01 710)+ X (49,12, |04,) (90,2, 44))
Fg=ed (1.11)

With Roothaan’s proposal to expand the spatial orbitals as linear combination of a set of
basis functions, the resulting Hartree-Fock-Roothaan equations from equation 1.11 need
to be solved via an iterative procedure. The iteration continues until no further
improvement in MO coefficients and energies can be achieved. Because of its self-
consistency, the Hartree-Fock method is often referred to as self-consistent filed (SCF)

method.> ©

1.2.2 Post-Hartree-Fock Method

The Hartree-Fock method usually recovers almost 99% of the total energies. However,
lots of important chemistry happen in the remaining 1%. In fact, the Hartree-Fock
method is just an approximation based on two assumptions: (a) only one determinant is
needed for constructing the wavefunction and (b) each electron interacts with average
charge distribution caused by other electrons. Therefore, the Hartree-Fock method is
considered “uncorrelated”. These assumptions introduce errors in wavefunction and
energy, and the energy error is called total correlation energy, which is the difference
between the true energy and the Hartree-Fock energy (equation 1.12) with a complete

basis.



E, =E,  —E,. (1.12)

corr exact

The Post-Hartree-Fock methods were developed to account for electron correlations.
The popular ones include Moller-Plesset (MP) perturbation theory, configuration

interaction (CI), and coupled cluster (CC) theory. For the perturbation theory,’ the exact

Hamiltonian (equation 1.13) is divided into a zeroth-order Hamiltonian (1:10) and a

perturbation (fluctuation potential, H "). The solution is expressed as a Taylor series in

perturbation strength (A).

H=H,-H' (1.13)

Its energy is expressed as the sum of the unperturbed energy and a given-order correction
from perturbation. The perturbation theory is often taken through second order, known as
the second-order Moller-Plesset perturbation theory (that is, MP2). The perturbation
theory is relatively cheap, but usually less accurate than the CI and CC methods.

As reviewed above, the Hartree-Fock method takes only one determinant to represent
the wavefunction which, in many cases, is not a decent approximation. It takes an infinite
number of determinants to cover all possible electron configurations which make
contributions to the exact wavefunction. The CI and CC methods are developed under
this consideration.

For the CI method,® the wavefunction is expressed as a linear combination of Slater

determinants (equation 1.14), with the expansion coefficients ( C, ) evaluated

variationally.



[¥)=2.C|¥) (1.14)

Theoretically, the arrangement of all electrons in all possible ways (with right
symmetries) for a finite orbital basis set will cover all electronic configurations
contributing to the total wavefunction, which is ideal but extremely costly. This is known
as Full CI which is impractical for most molecular systems. However, a decent

approximation can often be done by a truncation of the CI expansion (equation 1.15)
according to excitation level. With the |®0> being the Hartree-Fock reference
determinant (leading term), the importance of the following configurations drops off
rapidly. The expansion truncation is usually done at a given excitation level. For instance,

the truncations at the double and triple excitation levels give CISD and CISDT,

respectively.

[9) =, | )+ e

@7>+Zcf]’.b

ab abc
©; > + Z Ciji

DY)+ (1.15)

Different from CI, the CC method’ define the ground state wavefunction by

exponential ansatz (equation 1.16), with T as the excitation operator (equations 1.17 —

1.19) which is expressed as a sum of operators that generate singly-excited, doubly-
excited, triple-excited, and higher-order excited determinants. With a complete T, the CC

wavefunction will be equivalent to Full CI wavefunction, however, a truncated T will be



needed to perform practical computations. For instance, the popular CCSD (coupled

cluster with single and double excitations) method truncates the expansion at T :fl +7,.

f=f1+ ST+ (1.17)

. q>?> (1.18)

! d)‘f”> (1.19)

The CC energy can be easily obtained from equation 1.20 to 1.25. The H is the
similarity transformed Hamiltonian which may be expanded by applying Baker-

Campbell-Hausdorff (BCH) formula.

H|¥ )=E|¥.) (1.20)

Ae" ¥, )= Ee |¥,,) (1.21)
eTHE ¥, )= EeTe [P, (1.22)
e THE W, ) =E|Y,,) (1.23)
H|Y . )=E|¥ ) (1.24)

(Vor [H|¥ o) = E (1.25)



Note that, in above CC energy expression (equation 1.25), only single and double

excitation terms survive due to Slater rule. However, the single and double cluster

amplitudes ¢ and t;b necessary to obtain the CC energy will need to be determined first
using equation 1.26 which involves excited wavefunction. The amplitudes ¢’ and t;b

will be indirectly affected by higher-order terms like 7:22 which will approximately

account for quadruple excitations.

(Wi | AW, ) =0 (1.26)

Therefore, the inclusion of such products of lower-order terms makes coupled-cluster
methods size extensive and accurate.

The most well-known coupled cluster method would be the CCSD(T) method, '%!3 the
widely-accepted “gold standard” method in quantum chemistry. In fact, the coupled
cluster theory is related to many-body perturbation theory (MBPT). A CCSD energy
expression involves all necessary terms for up to the third order energy. However, the
fourth order energy is only attainable by inclusion of triple excitation contributions. The
resulting method by doing so is called CCSD[T]. Moreover, if an additional fifth-order
energy from involving both single and triple terms is added, the popular CCSD(T)

method is achieved.



1.3 Multireference Methods
For strongly correlated systems for which single Slater determinant is not adequate to
describe the electronic structure, multireference method will be needed. The
multiconfigurational self-consistent-field (MCSCF) method is a general approach for
treating these molecular systems, such as bond breaking processes, diradicals, and
complexes with transition metals, etc.

In MCSCF method, the wavefunction is expressed as the CI form (equation 1.27) as a
linear combination of multiple Slater determinants (also called configurational state

functions, CSF’s). The ¢, and ¥, are CI coefficients and individual Slater determinants

(or individual CSF), respectively. The corresponding energy expression is shown as

equation 1.28, with the H; being the matrix elements of electronic Hamiltonian between

two different determinants.

WY yeser = Zciqji (1.27)

E=YccH, (1.28)
i

The CI coefficients ¢, are evaluated variationally. However, unlike the regular Hartree-

Fock method which obtains its orbitals by minimizing the energy of the single Slater
determinant, in the MCSCF method, the orbitals are variationally obtained by minimizing
the CI energy of the MCSCF wavefunction including multiple Slater determinants. The

MCSCEF energy is differentiated with respect to orbital rotations.

10



Note that, if the individual Slater determinants ¥, to be included are selected

manually, it is a general MCSCF wavefunction. For instance, if only two Slater
determinants are selected, we call it two-configuration self-consistent-field (TCSCF). A
different approach to construct the MCSCF wavefunction is done by selecting an “active
space” which includes a set of virtual and occupied orbitals. All possible determinants in
the range of the “active space” will be automatically selected by computing program, to
construct the MCSCF wavefunction. This is the popular complete-active-space self-
consistent-field (CASSCF) method.'* However, with large active spaces, such automatic
selection of all possible determinants could easily lead to an unmanageable wavefunction
with a huge number of determinants. Therefore, an intermediate solution is the restricted-
active-space self-consistent-field (RASSCF)!®> by splitting orbitals into three groups
(RAS I, RAS 11, and RAS III). Restrictions are made to allow the maximum number of
holes and particles for each group. Only independent pairs of orbitals in different groups
contribute to the energy change, which could simplify the computations.

A limitation of the MCSCF methods is no dynamic correlation, which can be
improved by working together with perturbation theory, configurational interaction or
coupled cluster methods. Here we only introduce the MCSCF + CI (multireference

configuration interaction, MRCI)!¢ 17

method here because it was employed in present
study. The excited configuration state functions (CSFs) for MRCI can be generated from
a set of selected configurations based on the MCSCF wavefunction. However, the CSFs
obtained in this way can run easily into millions and even billions. To solve this problem,

we can choose to apply excitation operators to the MCSCF wavefunction as a whole,

instead of applying those operators to the set of configurations selected from the

11



reference state (MCSCF wavefunction). As a result, the number of the internally
contracted states will be more-or-less independent of the number of CSFs of the reference
space (MCSCF wavefunction), and much fewer coefficients to be optimized. This
strategy is called internal contraction. Currently, the most popular internally contracted

MRCI method is MRCISD which only contains the single and double excitations.

1.4 Density Functional Theory

The Hohenberg-Kohn theorems!'® build the modern DFT’s foundation: (1) The ground
state properties of a many-electron system depend only on the electronic density p(x,y,z)
and (2) The correct ground state density for a system is the one that minimizes the total
energy through the functional E[p(x,y,z)]. Together with the B-O approximation, we can
write the electronic energy as a functional of the electron density (equation 1.29). Those
terms at right is the kinetic energy of electrons, electron-nuclear attraction energy,
classical electron repulsion energy, and non-classical electron interaction energy,

respectively.

E(p)=T(p)+Voy (P)+T(P)+V 0 ctassic (P) (1.29)

Unfortunately, the exact forms of 7'(p) and V

onelassic () 1 this expression are not
known. By reintroducing orbitals, Kohn and Sham (KS)" suggested that a single Slater
determinant representing a non-interacting electrons that has the same electron density

(p) as the exact wavefunction should be an accurate approximation. Accordingly, the

T(p) term can be divided into two terms, 7,(p) and 7 (p), kinetic energy of non-

12



interacting electrons and correction (due to interaction of electrons) to the kinetic energy,

respectively. The equation 1.29 can be rewritten as the following (1.30):

E(p)=T,(p)+T.(0)+V(P)+I(P)+V 0 ctassic (P)

(1.30)
=T.(p)+V (P +I(P)+T.(P) 4V, ctassic (P)

The exact form of the 7 (p) and V.

non—classic

(p) are unknown. These two terms together
are called exchange-correlation potential, V (), which is usually expressed as the sum
of exchange V _(p) and correlation V,(p) functional. This is the famous KS-DFT

method. Like the Hartree-Fock method, KS-DFT energy can be evaluated variationally.

The main task of KS-DFT is to develop accurate approximation for £ (p) and
E (p). The simplest representation for the exchange-correlation functional would be the
local density approximation (LDA). It defines that V_(p) only depends on (local)

density at a given point, which is not considered as a good approximation because the
density distribution is not the same everywhere. As a big improvement, density gradient

Vp was later introduced in V_(p,Vp) to account for the inhomogeneous density

distribution, known as the generalized gradient approximation (GGA) functional. To
capture second derivative information, the exchange-correlation functional can be further
improved by including Laplacian of the density or kinetic energy density, which is known
as the meta-generalized gradient approximations (meta-GGA). Unfortunately, those
developed functionals still have limitations to treat self-interaction error, dispersion, and

strongly-correlated systems. The hybrid-GGA was then proposed and developed by

13



mixing only a global fraction of exact exchange (Hartree-Fock) with the exchange-
correlation functional to minimize self-interaction error. The dispersion-corrected
functionals, DFT-D, were also developed to account for long-range dynamic correlation,

such as Grimme’s DFT-D dispersion tails.

1.5 Vibrational Second-Order Perturbation Theory (VPT2)
Part of this research involves the computation of harmonic and anharmonic frequencies
of the molecular systems for characterization and comparison with experimental
fundamentals. Therefore, it is necessary to briefly review the computational methods for
vibrational frequencies here.

The vibrational potential (V) is generally expressed as a power series expansion in

terms of normal coordinates (Q), as shown in equation 1.31.

LZE‘jleinQkQJ +-- (131)

1 1
V(Q)=V,+= 2 F,00,+—> F,000 +
25 6 245

ik

The Vo is the potential energy at the equilibrium geometry. The F) , F;

! s and Ejk,
correspond to the quadratic, cubic, and quartic force constants, respectively. A commonly
used approximation is to truncate the expansion in equation 1.31 at the second term with
quadratic force constant, and the harmonic frequencies can be simply obtained via
diagonalizing the mass-weighted Hessian matrix Fj. This is usually good enough for
charactering the molecular systems (for instance, minimum, transition state, or higher-

order saddle point). However, anharmonicity needs to be considered to effectively

compare with experimental fundamentals.

14



In present study, the anharmonic frequencies are computed via the vibrational second-
order perturbation theory (VPT2)?° which is a commonly used computational method

with a good balance between accuracy and computational cost. In VPT2, the anharmonic

frequencies (v,) of asymmetric top molecules are obtained by adding a correction to

harmonic frequencies ( @), as expressed from equations 1.32 to 1.34.

V=0 42,45 2, (132)
Py
4 =Lg _sz (1.33)
i 167 16 - a)j(4a),2—a)12) .
P :l¢ _lz¢[ik¢kjj _lz éfkwk(wlf_a)lz_wlz)
i 4 ujj 4 k a)k 2 k [(a)l+a)j)2_a)]§)][(a)1_a)])2_a)l§)]
(1.34)

;o

a ¢ a)l .
H A +B.() +C, <g,$}>21(;+—’ﬂ
The y,; and y; are diagonal and off-diagonal anharmonic force constants, respectively.

The Ae, Be, and C. are rotational constants, and @, () and {© are Coriolis constant.
Those corrections involved in above equations introduce the Coriolis and centrifugal

distortion.

15



1.6 Prospectus

This dissertation presents the applications of high-level quantum chemistry methods to
several small molecular systems containing metal elements. Highly accurate coupled
cluster and multireference methods have been employed throughout this research.

In Chapter 2, the prediction and characterization of alkaline-earth
metallacyclopentadienes are discussed. We report systematic theoretical studies of
MCsHs (M = Be, Mg, Ca, Sr, Ba) rings and experimentally relevant complexes.
Benchmarking against CCSD(T) and experimental results is done to evaluate the
performance of the density functionals in predicting the equilibrium geometries,
thermochemistry, and vibrational spectra of these species. Aromaticity of the compounds
in question is quantitatively determined via NICS indices and extra cyclic resonance
energies. Their viability is explained via ring strain, electron densities, natural bond
orders, and orbital analyses.

In Chapter 3, reaction mechanism and potential energy surface of the Al + CO»
reaction are discussed. The direct motivation of this study comes from a recent crossed-
beam experimental studies of the Al + CO> — AIO + CO reaction by Honma and Hirata
who have directly challenged the results of earlier theoretical studies. We report high
level theoretical studies of this system. The comparison between their experiment and our
new theoretical results are made. Agreement and disagreement between theory and
experiment are discussed, and new explanations are provided, for a better understanding
of the system.

In Chapter 4, the alkali metal trihalides MX3 (M = Li, Na, K, Rb, and Cs; X = Cl, Br,

and I) are systematically studied using density functional theory and coupled-cluster

16



methods. Our results suggest that the MX3 system may be alternatively described as an
MX-X, complex, rather than the M"X3™ ion pair proposed by previous experimental
studies. This new conclusion is supported by the structure of global minimum for all MX3
species, the localized and mutually-perturbed X-X and M-X stretches in normal modes of
the MX3 molecules vibrations, bonding analyses, and thermochemistry of different
fragmentation schemes.

In Chapter 5, we systematically study the MF3; systems using both coupled-cluster
and multireference methods. New predictions and explanations are provided for some
known experimental and theoretical challenges, including identification of the true MF3
minima and global minima, the unclear existence of light alkali metal trifluorides MF3 (M
= Li and Na), and assignment of the F-F-F symmetric stretch frequencies for the heavier
alkali metal trifluorides MF3 (M = K, Rb, and Cs). Significant differences between the
coupled-cluster and multireference results were found in predicting the F-F-F symmetric

stretch frequencies (vs) of the Coy MF3 (M =K, Rb, and Cs) structures.

17



CHAPTER 2

Alkaline-Earth Metallacyclopentadienes”

*Sun, Z., Launder, A. M., and Schaefer, H. F., ChemistrySelect 2017, 2, 1442. Reprinted here
with permission of the publisher.
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2.1 Abstract

Alkaline-earth metallacyclopentadienes are an active area of research in synthetic
chemistry, notable for their roles as precursors of key cyclopentadiene derivatives.
However, experimental characterization is limited due to their challenging synthesis and
subsequent isolation. Herein, we report systematic theoretical studies of MC4H4 (M = Be,
Mg, Ca, Sr, Ba) rings and experimentally relevant complexes. Benchmarking against
CCSD(T) and experiment shows reasonable performance for the B3LYP, BP86, and
MO06-2X density functionals in predicting the equilibrium geometries, thermochemistry,
and vibrational spectra of these species. NICS indices and extra cyclic resonance energies
confirm that the compounds in question possess antiaromatic character. For both the bare
MC4H4 rings and larger complexes, the Be-containing compounds were found to be the
most strongly bound species. Such viability is explained via ring strain, electron
densities, natural bond orders, and orbital analyses. Given that the second least viable Mg
complex has been reported in recent experiments, synthesis and characterization of the

other group IIA analogs are anticipated.

2.2 Introduction

Over the past sixty years, synthetic chemists have done remarkable science with
metallacyclopentadienes, and many have been proposed as key intermediates in
organometallic reactions.?!? The metal centers in these species are chiefly inclusive of
d-block,?"> 22313 p_block,** 2> 27 or f-block metals.>* 3 However, reports of alkaline-
earth metallacyclopentadienes are much less common, due to their challenging synthesis

and subsequent isolation. Direct reactions between dienes and alkaline-earth metals have

19



38-40, 42

been studied since the 1970s,°** and the resulting metal-diene complexes, and

even some polymers,*® 37

are known. However, these complexes are not considered here
because dienes interact with exocyclic alkaline-earth metals, mainly through © donation,
and therefore do not belong to the five-membered cycles discussed above. We are
principally interested in probing the viabilities of the latter class of compounds in the
present research.

Magnesiacyclopentadienes have been suggested to be short-lived intermediates in

synthetic pathways,* 4

and berylliacyclopentadienes have been addressed in theoretical
work.**7 To our knowledge, metallacyclopentadienes with heavier group IIA elements
have not been described in the literature. However, sandwich compounds with group 11A
metal dimers have been studied.*® The first successful synthesis and characterization of
magnesiacyclopentadienes, as well as the related spiro-dilithio magnesiacyclopentadienes
and dimagnesiabutadiene were reported by Wei et al* (see Scheme 2.1).
Magnesiacyclopentadienes and spiro-dilithio magnesiacyclopentadienes (1 and 2 in
Scheme 2.1, respectively) were first synthesized using 1,4-dilithio 1,3-butadienes as the
starting material; this was then treated with a Mg salt (MgCl»), and the X-ray crystal
structures of the resultant tetramethylethylenediamine (TMEDA) complexes were

reported. Additionally, Wei and coworkers reported an efficient strategy for the synthesis

of amino cyclopentadienes from magnesiacyclopentadiene precursors.
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Scheme 2.1: Magnesiacyclopentadienes (1), spiro-dilithio magnesiacyclopentadienes (2),
and dimagnesiabutadiene (3) compounds synthesized by Wei et al.*

Among the three types of compounds synthesized, the unprecedented
magnesiacyclopentadienes drew our attention due to their unique five-membered cyclic
skeletons and their potential synthetic applications in the production of cyclopentadiene
derivatives. Therefore, a more thorough understanding of these complexes, as well as
their group IIA analogues, should benefit future endeavors in this field of chemistry. To
augment the limited research on this class of compounds, we systemically studied the
alkaline-earth metallacyclopentadienes (MC4H4, M = Be, Mg, Ca, Sr, and Ba) using
density functional and coupled-cluster methods. In view of the stabilizing effect of
substituted groups and TMEDA, we extensively investigated and characterized la
MgC4[Si(CH3)3]2[CH3]2* TMEDA (see Scheme 2.1) and its group IIA congeners as model
complexes. The equilibrium geometry, aromaticity, thermochemistry, vibrational
frequencies, and other relevant results for each species considered are reported and
discussed in detail. Moreover, benchmarking of our DFT results against “gold standard”

coupled-cluster theory [i.e., CCSD(T)/cc-pVTZ], as well as the recently reported
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experimental results for the synthesized magnesium compound, was performed
throughout the paper to help in the selection of reliable theoretical methods for the future

study of similar molecular systems.

2.3 Computational Methods

Coupled-cluster (CC) computations of equilibrium geometries and harmonic vibrational
frequencies have been performed with single, double, and perturbative triple excitations
[CCSD(T)]. For the Sr and Ba atoms, Peterson’s pseudopotential-based correlation-
consistent polarized valence triple-{ (cc-pVTZ-pp) basis sets®® with the Stuttgart/Cologne
pseudopotentials [ECP28MDF (Sr): 28 core electrons (1s,25,2p,3s,3p,3d); and
ECP46MDF (Ba): 46 core electrons (1s,2s,2p,3s,3p,3d,4s,4p,4d)]°! were used, and the

2-54 yvere chosen for all

corresponding cc-pVTZ basis sets of Dunning and coworkers
other atoms. For the observed MgC4[Si(CH3)3]2[CH3]>* TMEDA molecule, a total 1262 of
contracted gaussian basis functions result from this approach. Stringent criteria were set
for the SCF densities (1071%), coupled-cluster amplitudes (10™), and RMS forces (10® En
ao"). Consistent with the design of the chosen basis sets, core electrons were excluded
from the correlation treatment (the “frozen core” approximation). Fundamental
vibrational frequencies were obtained by including anharmonic terms computed with
second-order vibrational perturbation theory (VPT2).2® The cubic and semidiagonal
quartic force fields were obtained by using numerical differentiations of second

derivatives at 29 nuclear displacements of MC4Hs4. Corrections were made to treat

problematic Fermi resonances,>” based on the procedure proposed by Nielsen (see more
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details in the Results and Discussion).’® All CC computations were performed as
implemented in the CFOUR 1.0 program package.’’

We additionally report equilibrium geometries and harmonic vibrational frequencies
computed with select density functionals (B3LYP, BP86, and M06-2X) and assess their
performance against the CC computations and experimental results. B3LYP includes
exact exchange and is calibrated by fitting three parameters to experimental results,>®
while BP86 does not include exact exchange and is deduced by forcing the functional to
satisfy certain constraints based on first principles.®® ! M06-2X is a hybrid functional
which incorporates 54% Hartree-Fock exchange, and was developed more recently by
Truhlar’s group.®? It has been suggested to be one of the best functionals for the study of
main-group thermochemistry, kinetics, and noncovalent interactions. For the Sr and Ba
atoms, the cc-pVTZ-pp and cc-pVQZ-pp basis sets’® were used with the
Stuttgart/Cologne pseudopotentials described above, and the cc-pVTZ and cc-pVQZ
basis sets were used for all other atoms. All DFT computations were performed using the
ORCA 3.0.3 program package.®® The SCF densities and the RMS forces were converged
using the parameters defined by the “TightSCF” and “TightOpt” keywords in ORCA
3.0.3, respectively. A fine integration grid (i.e., the default parameters implemented in
ORCA 3.0.3 for the “Grid6” keyword) was used in all computations to increase the
numerical accuracy.

To assess possible multireference character for the molecules in question, CASSCF
energy computations of the CC-optimized geometries have been performed using the
MOLPRO program package (Version 2010.1).°*  An active space of 14 electrons

distributed in 14 orbitals was selected [i.e., CASSCF(14,14)] for all bare MC4H4 cycles.
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The largest CASSCEF reference coefficients Cy are all >0.94; therefore, >89% of the total
wavefunction may be described by a single determinant in every case. Accordingly, we

expect single reference methods to properly describe the MC4H4 species. The Co and C

coefficients, along with 77 diagnostics and the largest t;b amplitudes from the CC

computations, are provided in the Supporting Information (SI, available online).

We report nucleus-independent chemical shifts (NICS) values, specifically the
NICS(1)., indices, which are the contributions of the out-of-plane zz magnetic shielding
tensor at points 1 A above molecular ring centers. These may be obtained
computationally and have been reported as promising alternatives to the more involved
NICS(0)z,, indices (which consider only the 7 contribution to the out-of-plane zz
magnetic shielding tensor at the molecular ring centers).’® The gauge-including atomic
orbital®” % method [GIAO-NICS(1),,] was employed to obtain these values. The
Stuttgart/Cologne pseudopotentials were used for Sr and Ba atoms in the NICS
calculations because a sufficient treatment of relativistic effects was found to be
necessary in computing shielding tensors of molecules with heavy atoms.®>’° The NICS
and Bader’s quantum theory of atoms in molecules (QTAIM) computations were
performed using the AIMAII (version 16.01.09) program package.’' Further, the natural
bond orbital (NBO) computations were performed using the NBO 6.0 program package.’”

Pauling-Wheland resonance energies’>’> have been directly calculated by using the
ab initio valence-bond-based block-localized wave function (BLW) method developed by
Mo and coworkers.”” According to their original definition: the resonance energy is the
energy difference between “the actual energy of the molecule in question and that of the

most stable contributing structure.”’”* We determine the energy of the latter structure
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using BLW orbitals constructed by dividing the electrons and basis functions into several
subsets, which can “shut down” the intramolecular interactions among those subsets. By
carefully selecting and dividing the orbitals responsible for m interactions, certain
conjugations may be disabled, allowing us to compute the resonance energy directly
without reference molecules or reactions. In the present study, two types of resonance
energies have been computed: the vertical resonance energy (VRE) and adiabatic
resonance energy (ARE). The VRE has been computed by taking the energy difference
between the fully-optimized geometry and the most stable resonance contributor at the
same geometry.3® 3! Similarly, the ARE was obtained by taking the energy difference
between the fully-optimized geometry and the most stable resonance contributor
optimized using BLW orbitals.” %

Following the work of Mo and Schleyer,’® the extra cyclic resonance energy (ECRE)
may be computed by taking the difference between the AREs of a cyclic conjugated
molecule and a corresponding acyclic polyene, either with the same number of double
bonds® or diene conjugations.?* 3> Therefore, as opposed to the resonance energy (RE),
which measures the overall energetic stabilization due to @ conjugation (which is always
positive, even for nonaromatic and antiaromatic conjugated systems), the ECRE
measures the extra stabilization (or destabilization) energy due to the cyclic arrangement
of an aromatic (or antiaromatic) molecule. On this basis, the ECRE is constructed to be
positive, zero, or negative, indicating aromatic, nonaromatic, or antiaromatic character,
respectively.

According to Mo, Hiberty, and Schleyer,® the high flexibility of very large basis sets

could blur the boundaries of the various BLW resonance structures and thus introduce
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“basis set artifacts.” Therefore, both the relatively large cc-pVTZ>? and the smaller 6-
31G(d)* basis sets are used in all BLW computations for comparison. For consistency
with the 6-31G(d) basis set, the SBKJC split valence basis set with its corresponding
compact relativistic effective core pseudopotential (ECP)*® is used for Sr and Ba atoms.
Such combination of Pople and SBKJC-ECP basis sets has been successfully applied in
recent BLW computations.®® For the computations with cc-pVTZ, the cc-pVTZ-pp basis
set is used with the corresponding Stuttgart/Cologne pseudopotential for the Sr atom, as
described above.”® Specific BLW blocking strategies of RE and ECRE calculations are
described in the Results and Discussion. All BLW computations have been performed

using the BLW code interfaced with the GAMESS 2013 (R1) program package.’!

2.4 Results and Discussion

2.4.1 Equilibrium geometries for the prototypical MC4H4 molecules

Figure 2.1 compares the optimized equilibrium geometries of bare MC4H4 rings from CC
and DFT computations. As there are to date very limited experimental reports for related
species, the CCSD(T) results are presented as references for comparison. The singlet
ground states of all MC4H4 species are predicted to be planar with C>, symmetry. Mean
absolute deviations (MADs) of the DFT geometric parameters of MC4H4 versus the
corresponding CCSD(T) results are reported in Table 2.1. The average of the MADs of
the bond lengths computed with B3LYP, BP86, and M06-2X (using cc-pVTZ) is 0.018,
0.013, and 0.018 A, respectively (see Table 2.1). The deviations of the C—-M—C angles
range from 0.5 to 3.8° (see Figure 2.1). Therefore, all three DFT methods predict MC4Ha

structures reasonably consistent with the CC results; we find that the BP86 method is
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somewhat better than B3LYP and M06-2X. Further, from cc-pVTZ to cc-pVQZ, the DFT
bond lengths and angles change only slightly (the largest differences are 0.011 A and
1.2°, respectively), suggesting that the cc-pVTZ basis set is sufficient to obtain reliable
geometries for the MC4Hs4 molecules.

Taking BeCsH4 as an example, the bond lengths of Be—C, C—C, and C=C bonds are
1.671, 1.526, and 1.360 A at the CCSD(T)/cc-pVTZ level, respectively. Accordingly,
three single bonds (two Be—C and one C—C) and two C=C double bonds are expected for
BeC4Hs. Similar bond length alternation was found in each of the other optimized MC4H4
structures, suggesting the possible antiaromatic nature of these species (as expected from
the four m electrons present in the planar molecular ring). This is also supported by
positive NICS(1), indices (15.6 ppm for BeCsH4 and 5.2 ppm for MgCsHa4; calculated at
the B3LYP/aug-cc-pVDZ level by Mazurek and Dobrowolski*’). The reduced NICS(1).
values from BeC4H4 to MgCsH4 coincide with the slightly more balanced C—C and C=C
bond lengths in MgC4Hj4 than in BeC4H4 [a difference of 0.166 A for BeC4Ha and 0.156
A for MgC4Hs at CCSD(T)/cc-pVTZ]. The Ca, Sr, and Ba species display even more
pronounced C—C/C=C bond equalizations. We probe the trends in the aromatic character

of the MC4Hj4 rings in the following section.
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Table 2.1: Mean absolute deviations (MADs) of DFT bond lengths (A) of MC4Hs4 (M =
Be, Mg, Ca, Sr, and Ba) against the CCSD(T)/cc-pVTZ results.?

Compound B3LYP/cc-pVTZ BP86/cc-pVTZ MO06-2X/cc-pVTZ
BeC4H,4 0.010 0.003 0.013
MgCsH4 0.009 0.007 0.019
CaC4H,4 0.029 0.030 0.029
SrC4H4® 0.021 0.014 0.011
BaC4H4° 0.019 0.011 0.017
Average 0.018 0.013 0.018

2 The M—-C, C-C, and C=C bonds are included for the calculation of MADs.
b The core electrons of the Sr and Ba atoms have been treated with the pseudopotentials described in the
Theoretical Methods section.

2.4.2 Aromatic character of MC4H4 molecules

In Table 2.2 we present NICS(1),, indices computed with the B3LYP/6-31G(d) and
B3LYP/cc-pVTZ methods. The selected basis sets give comparable results, although the
6-31G(d) values are consistently higher than those computed with the cc-pVTZ basis set.
The NICS(1),, values for BeC4sHs and MgCsH4 generally agree with those obtained by
Mazurek and Dobrowolski with the B3LYP/aug-cc-pVDZ method.*” All NICS(1),,
indices are positive, further reflecting the antiaromatic nature of these compounds. In
general, NICS(1),, values decrease from BeCsH4 to BaCsH4 with both of our basis sets.
The only exception occurs for the B3LYP/cc-pVTZ result of CaCsHs (1.89 ppm), which
is lower than both SrC4Hs (2.75 ppm) and BaC4H4 (2.29 ppm); this could conceivably be
a result of the use of ECPs for Sr and Ba, which may produce some inconsistency. The
decreasing trend in NICS(1)., values agrees with the slight degree of C—C/C=C bond
equalizations from BeC4H4 to BaCsH4 (see Figure 2.1), corresponding to a concomitant

decrease in antiaromaticity. With the exception of BeCsHas, the NICS(1),, values of the
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other species are relatively small and close to one another, indicating only slight
antiaromaticity.

Based on Mo and Schleyer’s approach for five-membered diene ring systems,” a
BLW blocking scheme for MC4H4 species and linear analogues is selected in Scheme
2.2. The structures on the left depict the fully delocalized molecules, and the structures on
the right are the corresponding most important contributors under the BLW blocking
scheme. By definition (see Theoretical Methods), the energy differences between left and
right structures constitute the REs (Table 2.3). We note that there are two possible linear
counterparts to MC4Ha: one with the same number of double bonds®® or one with the
same number of diene conjugations (i.e., the same type and number of single bonds
between the m segments).’ 3485 Ag the latter has been shown to be an improved model

78, 85

over the former, we selected this structure as an acyclic reference for our ECRE

computations (see Scheme 2.2).

Table 2.2: Nucleus independent chemical shifts reported are the NICS(1),, indices (total
MO contribution to the zz component of the NICS tensor; in ppm) for the MC4Hs (M =
Be, Mg, Ca, Sr, and Ba) molecules.

Compound B3LYP/6-31G(d) B3LYP/cc-pVTZ
BeCsH,4 16.31 14.97
MgCsHq4 5.97 4.59
CaCsHy4 4.87 1.89
SrC4H4? 4.39 2.75
BaC4H4 3.55 2.29

2 The core electrons of the Sr and Ba atoms have been treated with the pseudopotentials described in the
Theoretical Methods section.
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Scheme 2.2: The BLW blocking scheme (red dashed circles) for the alkaline-earth
metallacyclopentadienes and their linear counterparts with the same number of diene
conjugations (left: delocalized molecules without BLW constraints; right: most favored

BLW resonance contributors). H atoms not shown for clarity.

Table 2.3 VREs, AREs, and ECREs of MC4Hs (M = Be, Mg, Ca, Sr, and Ba) molecules
computed with B3LYP/6-31G(d) and B3LYP/cc-pVTZ (in parentheses).?

Compound VRE ARE ECRE
BeC4H4 17.5 (14.5) 16.3 (13.5) -6.7 (-6.3)
MgCsH4 15.1 (12.4) 13.8 (11.0) -5.3 (-4.6)
CaCsHy 23.2(17.5) 20.8 (15.4) -4.2 (-3.9)
SrC4H,° 12.3 (16.2) 10.9 (14.3) -4.7 (-3.3)

BaC4H4>* 12.0 (N.A) 10.6 (N.A.) -4.4 (N.A)

2 All energies are in kcal/mol.

® The core electrons of the Sr and Ba atoms have been treated with the pseudopotentials described in the
Theoretical Methods section.

¢ The cc-pVTZ data for BaC4Hs is not available; see reference 90.

Fully-optimized and BLW-optimized (where the optimization is performed with the
BLW blocking shown in Scheme 2.2) structures of MC4H4 are shown in Figure 2.2. In
the case of either fully-optimized or BLW-optimized (see Block-Localized Methods
section above) geometries, the C—C and C=C bond length variations caused by increasing

basis set size [from 6-31G(d) to cc-pVTZ] are relatively minor. The MADs observed in
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the fully-optimized C—C and C=C bond lengths were 0.008 A and 0.006 A, respectively;
for the BLW-optimized structures, these values were 0.007 A and 0.006 A, respectively.
We find larger changes in the M—C bond lengths (MADs of 0.025 A and 0.022 A for
fully- and BLW-optimized structures, respectively).

With B3LYP/6-31G(d), BLW blocking shortens the C=C bond length by 0.012 A on
average, while it elongates the C—C and M—C single bonds by 0.038 and 0.008 A on
average, respectively. B3LYP/cc-pVTZ gives similar results, with average variations of
C=C, C—C, and M—C bond lengths being -0.012, +0.041, and +0.009 A, respectively.
Clearly, “shutting down” the m conjugation via BLW has a greater impact on the C—C and
C=C bond lengths than on the M—C bond lengths, indicating that the conjugation mainly
occurs among the C atoms. For comparison, the C—C and C=C bond length variations
here are, in general, less than those (up to 0.142 A) in the highly aromatic five-membered
diene systems reported in Mo and Schleyer’s study.’®

The results of the BLW analyses indicate that:

(1) the MC4H4 geometries are only modestly basis-set dependent;

(2) relative to highly aromatic systems, there is significantly smaller bond
equalization present in the MC4H4 rings, indicating less m conjugation and non-negligible
antiaromatic character;

(3) modest changes from fully- and BLW-optimized geometries imply that the o

framework plays a larger role in dictating molecular structure than does the & system.
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Figure 2.2: Fully-optimized (black) and BLW-optimized (red) structures of MC4Hs (M =
Be, Mg, Ca, Sr, and Ba) computed with B3LYP/6-31G(d) and B3LYP/cc-pVTZ (cc-
pVTZ results for BaC4H4 not available; see reference 90). Distances in A; angles in
degrees. The core electrons of the Sr and Ba atoms have been treated with the
pseudopotentials described in the Theoretical Methods section.

B3LYP/6-31G(d) and B3LYP/cc-pVTZ VREs and AREs range from 2.7-5.7 kcal/mol.
The VREs and AREs are consistent with the geometric changes between the fully- and
BLW-optimized structures shown in Figure 2.2; in general, larger geometric changes
(especially for the C=C and M—C bond lengths) give higher REs, and vice versa. The
computed VREs and AREs are not exceptionally high (B3LYP/cc-pVTZ values range

from 11.0-17.5 kcal/mol), indicating relatively weak m conjugation.

only evaluate the overall n conjugation (see Theoretical Methods). However, the ECREs,



which are derived from the AREs of the cyclic MC4Hs structures and their linear
counterparts (see Scheme 2.2), serve as better indicators of aromaticity (see Theoretical
Methods). The ECREs presented in Table 2.3 are all negative, indicating antiaromatic
character [which agrees with the positive NICS(1),, indices reported in Table 2.2]. From
BeCsHs to BaC4H4, the B3LYP/cc-pVTZ ECRE values decrease in magnitude, which
also correlates with the generally decreasing trend in NICS(1), values and the increasing
C-C/C=C bond length equalization seen in Figure 2.1. Based on the magnetic and
energetic data  presented here, we conclude that the alkaline-earth

metallacyclopentadienes are antiaromatic.

2.4.3 Thermochemistry of MC4H4 species
The dissociation of MC4H4 is defined in reaction (2.1). The corresponding dissociation

energies Do and MADs [of DFT versus CCSD(T) results] are reported in Table 2.4.

MCsHs — C4sHs + M (2.1)

The optimization for isolated cyclobutadiene (CsHs) was performed with Doy
symmetry, as the X A, global minimum of C4Hs has been widely understood to be a
planar rectangular molecule.”?* The CCSD(T)/cc-pVTZ Dy values of MC4Hj range from
38.5-84.6 kcal/mol. For DFT results, we find the largest deviations of Do (7.1-16.9
kcal/mol) for BeCsHs and CaCsHs when compared to the CCSD(T) results. The
analogous deviations are smaller (< 6.0 kcal/mol) for MgCsHa, SrC4H4, and BaC4H4. The

MAD:s of Dy [versus CCSD(T)/cc-pVTZ] for B3LYP, BP86, and M06-2X (also using cc-
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pVTZ) are 5.0, 6.9, and 5.2 kcal/mol, respectively; therefore, B3LYP and M06-2X
display better performance than BP86 in predicting Do. As with the determination of
equilibrium geometries, the DFT dissociation energies do not change significantly from
cc-pVTZ to cc-pVQZ (the differences are < 1.0 kcal/mol). We thus establish that the cc-
pVTZ basis set is sufficient for determining reliable Do values for the MC4H4 molecules.

Both CCSD(T) and DFT methods predict that BeC4H4 is the most strongly bound
MC4H4 compound, while a sharp decrease of Do occurs for MgC4Ha, making it perhaps
the least viable species. Recall that both the NICS(1),, indices (see Table 2.2) and ECREs
(see Table 2.3) suggest that BeC4H4 is more antiaromatic than MgCsH4. BeC4H4 might
therefore be expected to be /ess viable than MgC4H4, which is apparently contradictory to
our computed dissociation energies. We thus surmise that the difference in antiaromatic
character is not the reason for the significant Do difference between BeCsHs and
MgCsHa.

An evaluation of the MC4H4 ring strain (Scheme 2.3) provides further insight. The
homodesmotic reaction used here to evaluate the MC4H4 ring strain is modified from a
similar homodesmotic reaction employed for cyclopentadiene by Wheeler et al.”> With
BLW, we “shut down” the © conjugations on both sides of the reaction, so the resulting
energetic imbalance between reactants and products is mainly due to the molecular
frameworks of the associated compounds (see Scheme 2.3; note that we also BLW-block
the C=C double bonds in propene and ethylene to exclude o-p hyperconjugation, which
contributes ~9 kcal/mol total). Because the other molecules (i.e., besides MC4Ha) in the
homodesmotic reaction are “strain-free,” the energies reported in Scheme 2.3 reflect the

ring strain of MC4Ha.

35



Table 2.4: Dissociation energies (Do, kcal/mol) of MCsHs (M = Be, Mg, Ca, Sr, and Ba)
molecules computed with DFT and CCSD(T) using the cc-pVTZ and cc-pVQZ (in
parentheses) basis sets.”

Compound B3LYP BP86 M06-2X CCSD(T)®
BeC,H, 94.5 (95.0) 93.6 (94.0) 96.8 (96.6) 84.6
MgC.H, 39.4 (39.9) 40.9 (41.2) 41.2 (40.8) 38.5
CaC,H, 58.7 (59.1) 63.9 (64.1) 54.4 (54.3) 472
SrCyHy 49.6 (50.4) 53.1 (54.0) 47.9 (48.6) 51.5
BaC,H.¢ 59.1 (59.9) 63.2 (64.1) 57.9 (58.2) 58.3
MADs? 5.0 6.9 5.2 -

2 Bond dissociation reaction is defined in reaction (2.1); ZPVE corrections are included for all species.

® Only cc-pVTZ results computed.

¢ The core electrons of the Sr and Ba atoms have been treated with the pseudopotentials described in the
Theoretical Methods section.

4 Versus CCSD(T)/cc-pVTZ values.

BeC4H,: 24.8 kcal/mol
MgC4H4: 17.3 kcal/mol
CaC4H,: 2.0 kcal/mol
SrC4H,: 9.7 kcal/mol
BaC4H,: 8.4 kcal/mol

Scheme 2.3: Homodesmic reaction for the B3LYP/6-31G(d) energetic evaluation of the
ring strain in MC4Hs (M = Be, Mg, Ca, Sr, and Ba) with BLW blocking (red dashed
circles).

In Scheme 2.3, the ring strain for BeC4Hs is predicted to be 24.8 kcal/mol (the highest
reported value!) Once again, this seems contrary to our prediction of BeC4H4 possessing
the highest dissociation energy, which we would predict to have the lowest Do based on
the ring strain data alone. The main origin of the high ring strain of BeC4H4 is the M—C—

C2 angle (only ~90°), which is much smaller than the “strain-free” C,—Ci—H angle
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(~120°). Based on this rationale, the ring strain of MgC4H4 is also high (17.3 kcal/mol,
with a M—C;—C; angle of 94.8°). The smallest ring strain (2.0 kcal/mol) was found for
CaC4Ha, which may be traced to a further increasing M—C;—C, angle (97.4°). Although
this angle keeps increasing for SrC4Hs (98.8°) and BaC4Hy (101.3°), their ring strains (9.7
and 8.4 kcal/mol for SrC4sHs and BaC4Hs, respectively) are larger than that of CaCsHa,
which may be attributed to their much smaller C-M—C angles (84.4° for SrCsH4 and
78.6° for BaCsHs). Although this ring strain analysis cannot explain (and even
contradicts) the trends in dissociation energies, they remain important factors in
evaluating the viabilities of the MC4H4 compounds.

We address this discrepancy by noting that reaction (2.1) needs to break the M—C
bonds. Therefore, we would expect the M—C bond strengths to correlate with the
dissociation energies. Our NBO and QTAIM analyses characterize the M—C bonds in the
MC4H4 systems as constituting both shared-shell (covalent) and closed-shell (ionic)
interactions (see detailed QTAIM and NBO results in the SI). Several reasons are
proposed here to explain the distinct dissociation energies of BeC4H4 (84.6 kcal/mol) and
MgC4H4 (38.5 kcal/mol): (1) recent QTAIM studies have established a strong correlation
between the electron density at the bond critical point (BCP) and the bond strength for
various types of bonding interactions.’®*® The electron densities at the BCPs of the Be—-C
and Mg—C bonds (see Table 2.5) are 0.1013 and 0.0580 a.u., respectively. Accordingly,
the Be—C interaction is expected to be stronger than the Mg—C interaction; (2) the NBO
analysis shows the natural bond order of the Mg—C bond to be the lowest one (0.49),
whereas the bond order of the Be—C bond is higher by 0.23, supporting the results of the

QTAIM computations; (3) the HOMO-LUMO gap decreases from BeCsHs to BaCsHa.
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The value for BeC4H4 is 102.4 kcal/mol, higher than that of MgCsH4 by 17.0 kcal/mol
(see Table 2.5); and (4) since the Be and C atoms are from the same row in the periodic
table, the orbitals involved in Be—C bonding are expected to be more balanced in size
than the orbitals involved in other M—C interactions. In addition, sp? hybridization would
be easier in Be due to the small 2s-2p energy gap (as compared to Mg). As a
consequence, more favorable orbital overlap, and the corresponding MO splitting, are
expected for the case of BeC4H4 than for the other congeners. This may also be used as a
qualitative explanation for the decreasing trend in HOMO-LUMO gaps (see Table 2.5).
To summarize, the trends in the different dissociation energies of the MC4H4 series
are mainly caused by two factors: ring strain and M—C bond strength. Although the ring
strain of BeC4H4 is found to be highest, its strongest M—C bonding makes it the most
thermodynamically viable species. Relatively high ring strain, combined with weak Mg—
C interaction, make MgCsHs the least viable of the MC4H4 series. The dissociation

energies of the other three species may be explained similarly.

Table 2.5: QTAIM electron densities (p, a.u.) at the bond critical points (BCPs), natural
bond orders for M—C bonds (M = Be, Mg, Ca, Sr, and Ba), and HOMO-LUMO gaps
(kcal/mol) for MC4H4 molecules computed with B3LYP/cc-pVTZ.

Natural bond Natural charge =~ HOMO-LUMO

Compound pucr (M-C) order (M—C)* (C/M) gap
BeC4H4 0.101 0.72/0.71/0.71 -0.86/1.43 102.4
MgC4Hy 0.058 0.49/0.49/0.49 -0.77/1.39 85.4
CaC4H,4 0.063 0.95/0.95/0.95 -0.80/1.50 76.6
SrC4Hy4 0.056 0.94/0.93/0.95 -0.79/1.50 72.3
BaC4H4 0.059 0.95/0.95/0.96 -0.82/1.56 72.3

@ [B3LYP/BP86/M06-2X]/cc-pVTZ.
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2.4.4 Vibrational frequencies of MC4H4 structures

Due to their elusive nature, the bare MCsHs4 rings have not been identified by
experiments so far (see Introduction). Therefore, we provide the harmonic vibrational
frequencies and anharmonic corrections of all 21 normal modes for the two smallest
MC4H4 species (M = Be and Mg; Tables 2.6 and 2.7) to aid in the characterization of
these species in future experimental work. Mean absolute percentage errors (MAPEs) of
harmonic frequencies against CCSD(T)/cc-pVTZ harmonic frequencies are also reported
to evaluate the performance of different density functionals. Harmonic vibrational
frequencies of the other MC4H4 compounds (M = Ca, Sr, and Ba) are reported in the
supporting information.

For both BeC4sHs4 and MgC4H4, all vibrational modes are IR- and Raman-active
except for vo, vio, and vi1, which are IR-inactive but Raman-active (a2 symmetry in the
(>, point group). For BeCsH4 (Table 2.6), one vibrational mode (v2) suffers from a Fermi
Type 1 resonance (02 = 2w17).”> Based on the procedure proposed by Nielsen,*® terms
with small denominators in the VPT2 analysis were excluded, and the energetic effect of
neglecting such terms was estimated by constructing and diagonalizing the effective
vibrational Hamiltonian matrix shown in equation (2.2). The corrected fundamental
frequency v is 3001 cm™, (a correction of +13.4 cm™). For MgC4H4 (Table 2.7), two
vibrational modes (v2 and vi6) suffer from Fermi Type I (w2 = 2m17) and Type Il (016 = ©3
+wm17) resonances, respectively. Similar effective vibrational Hamiltonian matrices
[equations (2.2) and (2.3)] are constructed to correct the two frequencies. The resulting
fundamental frequencies v» and vie are 2944 cm™! (a correction of -10.6 cm™) and 2953

cm’! (a correction of +20.0 cm™), respectively.
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[ 20, ¢17,17,2 /4J (2.2)
¢17,17,2 /4 ,

0)3 + w17 ¢3,17,16/\/§ (23)
¢3,17,16/\/§ a)lé

Unlike the B3LYP and M06-2X methods, which predict harmonic frequencies to be
mostly higher than the corresponding CCSD(T) harmonic frequencies, negative
deviations are found for most BP86 harmonic frequencies. The MAPEs of harmonic
frequencies of BeC4H4 versus the CCSD(T) harmonic frequencies are 1.3%, 2.6%, and
2.7%, for B3LYP, BP86, and M06-2X, respectively. Corresponding MAPEs for MgC4H4
are 1.7%, 2.7%, and 2.5%, for B3LYP, BP86, and M06-2X, respectively, consistent with
the results for BeC4H4. Therefore, B3LYP outperforms the other two density functionals.

For BeC4Ha, the most intense vibrations are (in descending order): vi3 (C—H wagging,
611 cm’!, intensity 141 km/mol), vs (ring deformation, 416 cm!, intensity 109 km/mol),
vi4 (ring deformation, 364 cm™), v29 (ring deformation, 1017 cm™), vi9 (ring deformation,
1117 em™) v2 (C—H stretching, 3001 cm™), and vs (C-C stretching, 1056 cm™). For
MgC4H4, the most intense vibrations are (in descending order): viz (C—H wagging, 610
cm’!, intensity 132 km/mol), v2o (ring deformation, 755 cm’!, intensity 101 km/mol), v»
(C—H stretching, 2944 cm™), vi4 (ring deformation, 245 cm™), vs (ring deformation, 301
cm™), vis (C—H stretching, 3033 cm™), and v4 (C—H rock and C—C stretching, 1304 cm™).

These vibrations are anticipated to be observable by experiment.
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Table 2.6: Fundamental (Fund) and harmonic (Harm) vibrational frequencies (cm™) for
BeCsH4 with harmonic IR intensities (km/mol) computed with the DFT/cc-pVTZ and
CCSD(T)/cc-pVTZ methods.

Harm Harm Harm Harm Fund Intensity

Mode  Sym  p31yp)y  (BPS6) (M06-2X) [CCSD(T)] [CCSD(T)] [CCSD(T)] — eseription
i ai 3217 3151 3252 3227 3089 2 sym C-H str
v2 ai 3095 3018 3134 3126 30012 43 asym C-H str
V3 ai 1498 1449 1546 1480 1435 6 asym C=C str
Vs ai 1332 1286 1340 1327 1301 5 C-Hrock & C-

C str
vs ai 1074 1036 1075 1069 1056 24 C-Hscis & €
C str
Ve ai 881 861 901 890 871 17 sym C-C str
V7 ai 774 752 786 777 766 6 asym C-Be str
v a 425 406 386 431 416 109 symring
deform

Vo a 1002 959 1030 972 954 0 C-H twist
V1o a2 772 744 778 753 745 0 C-H wag
Vil a2 292 271 296 275 279 0 ring deform
vi2 by 1004 962 1032 978 958 2 C-H wag
i3 by 634 609 636 625 611 141 C-H wag
Vi4 b 373 358 369 366 364 57 ring deform
vis b 3216 3151 3251 3226 3090 8 asym C-H str
Vis b 3078 3001 3119 3111 2982 11 asym C-H str
V17 b2 1584 1538 1620 1553 1512 2 asym C=C str

C-H rock & C-
Vis b 1298 1252 1310 1290 1263 0 C str & C-Be

str

vio b 1141 1111 1168 1133 1117 28 ring deform
120 b2 1035 1005 1046 1037 1017 50 ring deform
21 b2 648 624 650 646 663 1 ring deform

1.3%® 2.6%"° 2.7%" 2.4%°

2 Deperturbed frequency for mode v»: 2988 cm! (Fermi Type I resonance: 02 = 2m17).
® MAPESs of DFT harmonic frequencies versus CCSD(T)/cc-pVTZ harmonic frequencies.
¢ MAPE of CCSD(T) harmonic frequencies versus CCSD(T)/cc-pVTZ fundamental frequencies.
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Table 2.7: Fundamental (Fund) and harmonic (Harm) vibrational frequencies (cm™) for
MgCsH4 with harmonic IR intensities (km/mol) computed with the DFT/cc-pVTZ and
CCSD(T)/cc-pVTZ methods.

Harm Harm Harm Harm Fund Intensity

Mode — Sym  p3rvp)  (BPS6) (M06-2X) [CCSD(T)] [CCSD(T)] [CCSD(T)] — Deseription
vi ai 3164 3100 3202 3173 3035 18 sym C-H str
V2 ai 3063 2987 3109 3090 29442 71 asym C-H str
v ai 1495 1446 1547 1480 1422 2 asym C=C str
Vs ai 1339 1292 1348 1330 1304 22 CH rc"cslt‘r& ¢
vs ai 1091 1051 1098 1089 1073 0 C-H (SZCisStr& ¢
Ve ai 839 820 857 847 828 0 sym C-C str
V7 ai 631 610 659 634 624 0 sym C-Mg str
v ai 317 308 304 306 301 58 sym ring

deform

Vo a 990 946 1022 968 950 0 C-H twist
V1o a2 783 752 791 772 757 0 C-H wag
Vil a2 250 238 249 231 231 0 ring deform
vi2 by 1006 960 1033 986 966 4 C-H wag
via by 631 608 636 618 610 132 C-H wag
Via by 257 249 242 245 245 68 ring deform
Vis b 3163 3099 3201 3172 3033 30 asym C-H str
Vi6 b2 3040 2965 3089 3070 29530 8 asym C-H str
vi7 ba 1597 1550 1630 1560 1525 9 asym C=C str
vig b2 1287 1241 1301 1274 1249 11 C-H rcocslt‘r& ¢
V19 b2 1095 1051 1106 1099 1083 5 ring deform
V20 b2 767 739 780 766 755 101 ring deform
21 b2 524 507 551 532 526 4 ring deform

1.7%¢ 2.7%° 2.5%° 2.3%4

a Deperturbed frequency for mode va: 2954 cm™! (Fermi Type I resonance: oz = 2017).

b Deperturbed frequency for mode vis: 2933 cm™! (Fermi Type II resonance: m16 = m3 +m17).

¢ MAPEs of DFT harmonic frequencies versus CCSD(T)/cc-pVTZ harmonic frequencies.

4 MAPE of CCSD(T) harmonic frequencies versus CCSD(T)/cc-pVTZ fundamental frequencies.
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2.4.5 The experimentally observed magnesiacyclopentadiene complex and its group
ITA analogues

The TMEDA-coordinated magnesiacyclopentadiene complex synthesized by Wei et al.*

(denoted as Mg-complex in Figure 2.3) has been optimized with three density functionals
in the present study. In addition, the equilibrium geometries of its analogues with other
group IIA metals (Be, Ca, Sr, and Ba) were also predicted. These results are summarized
in Figures 2.3 and 2.4, and Table 2.8.

The theoretical and experimental structures of the Mg-complex are reported in Figure
2.3. Compared to the experimental structure, the MADs of the bond lengths (C-C, C=C,
and Mg—C) for B3LYP, BP86, and M06-2X are 0.010, 0.008, and 0.022 A, respectively.
The deviations of the C—Mg—C angle for B3LYP, BP86, and M06-2X are 1.3, 1.2, and
2.1°, respectively. Therefore, all three density functionals predict reliable structures for
the full Mg-complex. However, B3LYP and BP86 exhibit better performance than M06-
2X in predicting structures, similar to the bare MCsHs rings (benchmarking against
coupled-cluster results). In addition, from the bare MgCsH4 ring (Figure 2.1) to the Mg-
complex (Figure 2.3), all bond distances in the five-membered ring are elongated, likely
due to the steric effects of the substituted groups (Me and SiMes) and the coordinated
TMEDA in the Mg-complex. Due to the same reason, the dihedral angles detailed in
Figure 2.4 indicate that the five-membered MgC4H4 ring in the center of Mg-complex
deviates slightly from planarity. This is consistent with the experimental report that the

MgC4Hj ring skeleton is “nearly coplanar.”*
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Cc=C

1.359 g

(1.370) Mg-N
[1.353] —y 2.286
13596) B, A (2.294)

o
1.540 - - - (80.9)

B3LYP/cc-pVTZ
(BP86/cc-pVTZ)

. [M06-2X/cc-pVTZ]
91.54(19) 9 [1.353] [2.089] Experiment
1.365(6) 2-127(5)

TMEDA-coordinated magnesiacyclopentadiene complex
(Mg-Complex)

Figure 2.3: TMEDA-coordinated magnesiacyclopentadiene complex (Mg-Complex)
computed with three density functionals and the cc-pVTZ basis set. Distances in A;

angles in degrees. Results in red are from the experimental single-crystal X-ray structural
analysis.*’

Considering the notably improved performance over M06-2X, only B3LYP and BP86
are selected to study the other group IIA analogues of Mg-complex (see Figure 2.4).%
Similar to the case of the Mg-complex, the bond distances in the five-membered rings
are, in general, elongated slightly from the bare MC4H4 ring (see Figure 2.1) to the M-
complex, whereas the C—-M-C angles become smaller, probably caused by the steric
effect of the large groups around the MC4H4 ring. As with the case of the Mg-Complex,
the non-zero dihedral angles [t(C—C—C—C) and t1(C—C-M-C)] in Figure 2.4 imply that
the five-membered MC4sH4 ring in those complexes deviates from planarity. In particular,
such nonplanarity increases from the Be- to the Ba-complex, due to the increasing size of

the metal atom and the resulting steric hindrance.
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The dissociation reactions of the TMEDA-coordinated metallacyclopentadiene
complexes are defined in Scheme 2.4. Dissociation energies are reported in Table 2.8.
The Dy values range from 56.3-113.3 kcal/mol at the B3LYP/cc-pVTZ level. The BP86
Dy values are reasonably close to the B3LYP results (differences range from 2.3-6.4
kcal/mol). The dissociation energies increase from the bare MCs4H4 rings to their
corresponding M-complexes, as expected from the coordination of TMEDA toward the
metal atom, satisfying the octet rule. In addition, the substituted groups (-SiMes; and -Me)
can interact with C=C bonds through o-p hyperconjugation, and these bulky groups also
protect the MC4H4 ring via steric effects. These effects help to stabilize the molecules,
thus making experimental isolation of the Mg-complex practical.* As with the bare
MCsH4 rings, the Mg-complex is also found to have the lowest dissociation energy
among all five complexes (see Table 2.8), based on the same reasons proposed for
MgC4H4. Therefore, since Mg-complex has been isolated by experiment, the isolation of

its group IIA analogues should be amenable to future experimental work.

SlMe3\ Me Mo \

Me / /

==\ .N N

eI

€ A Me,Si SiMe, /
SiMe3

TMEDA-coordinated
metallacyclopentadiene complexes
(M = Be, Mg, Ca, Sr, and Ba)

Scheme 2.4: Dissociation reactions defined for the TMEDA-coordinated substituted
metallacyclopentadiene complexes.
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Table 2.8: Dissociation energies (Do, kcal/mol) of TMEDA-coordinated

metallacyclopentadiene complexes computed with two density functionals and the cc-
pVTZ basis set.?

Compound B3LYP BP86
Be-complex 113.3 116.5
Mg-complex 58.6 60.9
Ca-complex 70.6 76.2
Sr-complex® 56.3 61.4
Ba-complex® 61.3 67.7

a ZPVE corrections are included for all species.
b The core electrons of the Sr and Ba atoms have been treated with the pseudopotentials described in the
Theoretical Methods section.

2.5 Conclusions
We have provided an extensive predictive study of alkaline-earth
metallacyclopentadienes and the recently synthesized magnesium complex
MgC4[Si(CH3)3]2[CH3]2* TMEDA using density functional and coupled-cluster methods.
The popular B3LYP, BP86, and M06-2X functionals all perform reasonably when
benchmarked against both CCSD(T) and experimental (Mg compound only) results for
structures, dissociation energies, and vibrational frequencies. We found that the cc-pVTZ
basis set is of sufficient size and composition to capture reliable geometric parameters
when paired with the selected density functionals. Our results lead to the following
conclusions:

(1) The ground-state global minimum of the bare MC4H4 rings (M = Be, Mg, Ca, Sr,
and Ba) are predicted to possess C2, symmetry. Bond length alternation was found for
each of the optimized MC4H4 structures, suggesting the antiaromatic nature of these

species. This was confirmed by positive nucleus independent chemical shift NICS(1),,
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indices and negative extra cyclic resonance energies from block-localized wavefunction
computations. We also observed a decreasing trend in antiaromatic character from
BeC4Hs to BaC4H4, supported by a modestly increasing trend in C—C/C=C bond length
equalization.

(2) For both the bare MC4H4 structures and the experimentally relevant substituted
complexes, the Mg- and Be-containing compounds were found to be the second least and
most viable species, respectively. Such distinct viability is principally attributed to the
large differences in the Be—C and Mg—C bond strengths, which was justified by electron
densities at bond critical points, natural bond orders, and MO analyses. Ring strain also
proved to be a non-negligible factor in determining the relative viabilities of the MC4Ha
compounds.

(3) Using second-order vibrational perturbation theory (VPT2), we computed reliable
anharmonic corrections to CCSD(T)/cc-pVTZ harmonic vibrational frequencies for the
BeC4Hs and MgCsH4 rings. Additionally, the infrared intensities are reported for all five
MCsHs rings. The two most intense vibrations involve C-H wagging and ring
deformation for each structure. These vibrations are expected to be observable by
experiment.

Given that the second (after Sr) least viable Mg complex is the one recently
synthesized and isolated, the other group IIA analogues are expected to be confirmed by
future synthetic work. Our investigations into the electronic structure of alkaline-earth
metallacyclopentadienes will thus prove beneficial to the continuing experimental and

theoretical characterization of these compounds.
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CHAPTER 3

The Al + CO2 Reaction Potential Energy Surface”

*Sun, Z., Moore, K. B., and Schaefer, H. F., J. Chem. Phys. 2017, 147, 171101. Reprinted
with permission from American Institute of Physics.
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3.1 Abstract

Based on their highly sophisticated crossed-beam experimental studies of the Al + CO»
— AlO + CO reaction, Honma and Hirata have directly challenged the results of earlier
theoretical studies of this system. We report high level theoretical studies of this system.
It is shown that, consistent with Honma-Hirata experimental conclusions, the previous
theoretical prediction of a substantial barrier height for this reaction was incorrect.
However, for the structures of the possible intermediates, in agreement with the 1992
theoretical study of Sakai, we find striking disagreement with the experimental
conclusion that the O-C-O moiety is nearly linear. The energies of the three entrance

channel intermediates lie 14.4, 15.2, and 16.4 kcal mol™! below separated Al + COs.

3.2 Introduction

Recently this journal published a special issue, entitled “Developments and Applications
of Velocity Mapped Imaging Techniques.” The third paper therein, by Honma and
Hirata® is titled “Reaction Dynamics of Al + CO, — AIO + CO Studied by a Crossed-
Beam Velocity Map Imaging Technique.” In addition to establishing the validity of their
advanced experimental method, Honma and Hirata made some bold statements
concerning previous theoretical studies!'?” ! of the Al + CO; reaction.

There have been several earlier experimental studies!®*'% of the Al + COz reaction,
but none with such sophistication and forceful conclusions as that of Honma and Hirata.
Further, Manceron and coworkers'? have observed vibrational features of an AlCO,
adduct in argon matrices. Howard and coworkers'®” have reported an EPR study of Al in

a CO, matrix at 77 K. Brock and Duncan!®® examined the threshold photodissociation of
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AICO:s. Finally, in 2015 Thomas and coworkers'? reported the infrared spectroscopy of
the Al-CO2 complexes in helium nanodroplets. Previous theoretical studies,!%% 101> 110. 111
have predicted four main structures of AICO> intermediates (shown in Figure 3.1).

In their abstract, Honma and Hirata®® state “these results suggested that the reaction
proceeds via a short-lived intermediate in which the O—-C-O keeps a nearly linear
structure”. Approaching the end of their paper, Honma and Hirata note that the previous
theoretical research predicted transition states between the AICO; intermediates and
products AIO + CO with high barriers. Honma and Hirata state that “the presence of such
high barriers is not consistent with the (experimental) excitation function in which the
threshold value is similar to the endothermicity.”® Honma and Hirata conclude that “the
structures of the transition states proposed by the ab initio calculations have bent O—C-O
angles. The [theoretical] high exit barrier and bent O—C-O structure likely provide

significant excitation of the CO rotation, which is not consistent with the present

[experimental] result.”

Al Al C
N\ a VRN
c—o c—o L0 o, °
/ / / N\ N\,
o) 0 (0] Al Al
trans-AlCO,-1 trans-AlCO,-2 cis-AlCO, sym-AlCO,

Figure 3.1: Structures of four main AICO; intermediates reported in literatures.
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3.3 Computational Methods

In light of such a glaring disagreement between theory and experiment, new theoretical
studies are called for. We report here coupled cluster [CCSD(T)] computations’ with
Dunning’s correlation consistent basis sets [cc-pV(Q+d)Z].>% 2 3 Here the (+d)
notation refers to the fact that basis set for aluminum has been augmented with an
additional set of tight d basis functions'!>. Intrinsic reaction coordinate (IRC)
computations were performed at the B3LYP/cc-pV(T+d)Z level of theory to connect the
equilibrium geometries and transition states. Restricted Hartree-Fock reference wave
functions (ROHF or RHF) were used for all coupled cluster computations. We affirmed
the single-reference character (see SI) of the AICO> wavefunctions with a large (13e,
130) CASSCF space (C and O: all 2p orbitals; Al: 3s and 3p orbitals). Optimizations
followed by frequency computations, relaxed scans, and IRC analyses were performed

using CFOUR 1.0,°” MOLPRO 2010.1,%% % and GAMESS 2014 (R1)," !4 respectively.

3.4 Results and Discussion

Many of our predictions for the Al + CO> — AlO + CO reaction are reported in Figure
3.2. The most important result there is the barrier between the trans-AlCO»-1
intermediate and the product AlO (%) + CO. This corresponds to the lowest energy
pathway we found between Al + CO2 and AlO + CO. The transition state TS-diss-1 lies
4.2 kcal mol™! above separated Al + CO,, and 0.8 kcal mol™! below the products of AIO +
CO. TS-diss-1 thus lies below the endothermicity of the overall Al + CO> — AlO + CO
reaction, consistent with the experimental conclusion of Honma and Hirata. The reaction

of Al (*P) + COz (X, 'Z;") — AlO (X, 2T") + CO (X, 'T") is found to be endothermic by

52



5.0 kcal mol™!, which is in good agreement with the best experiment enthalpy (AH’: = 4.8

15 as well as the threshold collision energy (0.19 eV or 4.4 kcal mol™)

kcal mol
reported by Costes et al. for this reaction.!®

We reluctantly disagree with the previous theoretical study of Sakai,'® who predicted
(see Figure 3.6 in reference 81) this transition state to lie 19 kcal mol™! above Al + COs..
Such a barrier is insurmountable at the 12.6 + 2.8 and 6.7 + 1.6 kcal mol™! collision
energies used in the experiments of Honma and Hirata. Our computed TS-diss-1 barrier
lies only 4.2 kcal mol! above Al + CO, and should thus be readily accessible in the
experiment, as this barrier lies below the products AIO + CO. We also assert the
feasibility of a second pathway: frans-AlCO»-1 can readily convert into trans-AlCO»-2,
which may then dissociate via the transition state TS-diss-2 lying 13.5 kcal mol! above
Al + COa. However, this second pathway must not be accessible to the energies of the
Honma-Hirata experiments.

The other major issue raised by the experiments of Honma and Hirata®® concerns the
structure of the intermediate and the transition state. They insist that the O-C-O moiety at
both the OCOAI intermediate and transition state is nearly linear because of the low CO
rotation energies. Our predicted O-C-O angle lowest-lying accessible dissociation
transition states (TS-diss-1 in Figure 3.2) is 117.5°, far from linear. Here our prediction
aligns with the 120° angle predicted by Sakai'® in 1992. The 116.3° O-C-O angle in TS-

diss-2 is very similar. It seems clear to us that something is missing in the experimental

assignment of the transition state geometries.
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However, it might be that the OCO bending potential is very flat, making the
averaged OCO angle effectively 180°. Pursuing this possibility, Figure 3.3 shows a one-
dimensional relaxed scan of the OCO bond angle from its value in trans-AlCO»-1 (135°)
to linearity. The CCSD(T)/cc-pV(Q+d)Z scan indicates that it takes about 10-15 kcal
mol™! to bend the OCO moiety of this AICOz intermediate to linearity. This value is much
lower than the energy (~35 kcal mol™, at the same level of theory) required to distort an

isolated linear CO; molecule to a bent structure (135°).
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Figure 3.3: Relaxed scan of the O-C-O angle of trans-AlCO»-1 at the CCSD(T)/cc-
pV(Q+d)Z level of theory (the cusp indicates where the structure start falling apart into
relevant fragments).
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Figure 3.4: Relaxed scan of the Al-O-C angle of sym-AlCO». Note that these potential
energy curves do not indicate the presence of a cis-AlCO> minimum along the reaction
pathway.

We note that the we have lowered the TS-diss-1 barrier such that it now lies only 0.6
kcal mol™! above the Exit-Complex and 0.8 kcal mol™ below AlO + CO. This is another
substantial difference with the predictions of Sakai,'” who placed the TS-diss-1
transition state 13 kcal mol™! above AlO + CO. The small difference between TS-diss-1
and AlO + CO predicted in this study implies that there will be little energy available to
be distributed into rotational states of CO, in alignment with the observations of Honma
and Hirata.”® The transition state for Al + CO; addition (TS-add in Figure 3.2) does have

a nearly linear O-C-O angle of 165.5°. However, the entrance-channel reaction
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coordinates of TS-add evidently differ from the exit-channel reaction coordinates of TS-
diss-1 and Exit-Complex.

In addition, although some previous theoretical studies'®" '

suggested a cis-AlCO»
conformer (see Figure 3.1 and SI), this structure was not located with the CCSD(T)/cc-
pV(Q+d)Z method. The reasoning for its absence was elucidated using a relaxed scan of
the Al-O-C angle of sym-AlCO> provided in Figure 3.4. Figure 3.4 shows a very flat
potential surface with almost no energy change in a wide range of about 135-165° with
the CCSD(T) method. While the B3LYP and BP86 methods fail to reproduce such a flat

surface region, they similarly do not validate the presence of any significantly long-lived

cis-AlCQ; structure.
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CHAPTER 4

Alkali-Metal Trihalides: MX3 (X = Cl, Br, and I)*

*Sun, Z., Moore, K. B., Hill, J. G., Peterson, K. A., Schaefer, H. F., and Hoffmann, R. J., J.
Phys. Chem. B. 2018, 122, 3339. Reprinted with permission from the publisher, Copyright (2018)
American Chemical Society.
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4.1 Abstract

The alkali metal trihalides MX3 (M = Li, Na, K, Rb, and Cs; X = Cl, Br, and I) are
systematically studied using coupled-cluster methods. Benchmarks using CCSD(T)
against diatomic experimental results suggest satisfactory performance for the weighted
core-valence basis sets (new basis sets for K, Rb, and Cs) selected for predicting reliable
structures and harmonic vibrational frequencies. An isomer search using the B3LYP
functional yields a planar, yet asymmetric T-shaped C; structure as the global minimum
for all MX3 species. Much higher level CCSD(T) computations show a moderate to
strong distortion of the X3~ anion by the M' cation in the respective equilibrium
geometries. Most obviously, for LiCl; the two CI-Cl distances are separated by 0.786 A.
Even for Csls, the structure least distorted from the M*X5™ model, the two I-I distances
differ by 0.243 A. It does not take much energy to distort the parent anions along an
antisymmetric stretch, so this is no surprise. The normal modes of vibration of the MX3
molecules are in better agreement with matrix isolation experiments than previous
calculations. And these normal modes are revealing -- instead of the well-established
antisymmetric and symmetric stretches of the “free” X3~ anions, relatively localized and
mutually-perturbed X-X and M-X stretches are calculated. The suggestion emerges that
the MX3 system may be alternatively described as an MX-X> complex, rather than the
M"X3™ ion pair. This perspective is supported by bonding analyses showing low electron
densities at the bond critical points and natural bond orders between the MX and X»
moieties. The thermochemistry of fragmentations of MX3 to MX + X, vs. M" + X3™ also

supports the alternative viewpoint of the bonding in this class of molecules.
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4.2 Introduction
There are only limited reports on the fundamental properties of alkali metal trihalides,
MX3 (M = Li, Na, K, Rb, Cs and X = F, CI, Br, I). Among these, the four experimental
papers by Ault, Andrews, and coworkers, of these halides in a noble gas matrix at low
temperatures are particularly important.!16-11

All previous theoretical studies of MX3 virtually focused on the X3~ properties and
assumed the validity of an M*X3™ ion pair model (M = Li, Na, K, Rb, and Cs).!'!!° The
X3~ anions have been considered as more or less “isolated”, but perturbed by the M"
cations. A recent theoretical study of the isolated halogen clusters X3~ by Dixon and
coworkers'?? is relevant to this situation. Early in the course of the present research we
realized that Dixon’s computed harmonic vibrational frequencies (X-X-X symmetric and
antisymmetric stretches) for the “free” Clz~ do not show satisfactory agreement with the
IR/Raman frequencies of MCl; (M = Li, Na, K, Rb, and Cs) from the argon matrix
experiments performed by Ault and Andrews.!'® Specifically, we note significant
differences (up to 114 cm’!, ~30%) between the theoretical X3~ and experimental MX3
vibrational frequencies. It is thus uncertain if quantitative comparisons can be made
between MX3 and X3™. This leads to the question: is the perturbation due to an alkali
cation strong enough to substantially change the electronic structures of the X3~ and lead
to significant modifications of these anions, in terms of structures, vibrational
frequencies, and bonding?

The structures and frequencies of some MX3 species in the solid state are known,'?!
122 providing indications that the X3~ moiety could be substantially altered by the

presence of M*. Instead of the well-established symmetric and antisymmetric stretches''®
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120 for the “free” X3~ anions, new modes with significant metal displacements may be
involved in the MX; vibrations. Moreover, large red-shifts (7 — 11%, about 20 — 60 cm™,
see Table S1 in the SI) from gas phase to argon matrices are highlighted by Jacox!? for
the ground state vibrational fundamentals of diatomic alkali metal halides (MX, M = Li,
Na, K, Rb, Cs and X = F, CI, Br, I). Similar red-shifts can be also observed for the small
MCI species involved in the experimental Ault and Andrews study of MCl3 in argon (see
Table S1 in SI).!'® If such red-shifts carry over to the MX; species, it would impose
challenges to achieving good agreement for the vibrational frequencies between gas-
phase theoretical computations'?® and the argon matrix experiments.!'®!!"® And the solid
state compounds are bound to differ as well.

The solid state and noble gas matrix perturbations we just mentioned are indicative of
a more general truth: Even if we limit ourselves to an MX3 stoichiometry, with M an
alkali metal, the richness of experimental chemistry provides us with a good number of
realizations of this formula. These include M" and X3~ noninteracting in the gas phase,
MX3 molecules in a collisionless molecular beam, MX3 in a noble gas matrix, in solvents
of varying polarity, in solids, at surfaces and interfaces. This is hardly an exhaustive list
of chemical and physical settings. Each situation will have a different (slightly,
significantly) vibrational spectrum for MX3. And an associated temperature. The studies

we present here are, strictly speaking, for isolated MX3 molecules, at T — 0 K.
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Scheme 4.1: General bonding types proposed for the 4-electron 3-center hypervalent X3~
(bonding types I and II for Cls~, Br3™, and I57; types I, 11, and III for F37) systems.

For the purpose of comparison, let us review the studies of “free” trihalide anions

(X537, X =F, Cl, Br, and I). These have been widely explored by both experiment and

124, 125 126, 127

theory, in the gas phase, solution, and solid state.'?® 2 Those species have

been well characterized by IR and Raman spectra,!!$: 121, 130-132

and some gas phase
thermochemistry of the X3~ species has been reported.!?* 12° 133: 134 Ip regard to previous
theoretical research, a significant focus has been the interpretation of X3~ electronic
structure and bonding. Basically, all X3~ species have been described as either (1) a 4-
electron 3-center (4e-3¢)!¥1% hypervalent bonding system using the Rundle-Pimentel
model,'** *! or (2) a donor-acceptor interacting system between two closed-shell
fragments X» and X, (bonding types I and II in Scheme 4.1). Insights from molecular
orbital (MO) theory are particular relevant in this regard.!*> 3¢ Hiberty and coworkers'?”
138 employed valence-bond theory to propose another three-electron bonding type
(bonding type III in Scheme 4.1) as an important contributor to the electronic structure of
F3~. This special bonding character of F3~ has been used to discuss its exceptional

multireference!*? and symmetry-breaking'*?

challenges, as well as its peculiar preference
of the energetically disfavored dissociation channel into F>~ and F. at high collision

energies.'*?
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Direct theoretical studies of MX3 species have been generally limited to the fluoride
systems.!#14 The structures, vibrational frequencies, and dissociation energies of MF3
(M = Na, K, Rb, and Cs) were systematically studied by Tozer and Sosa'** as early as
1997 using Hartree-Fock, MP2, QCISD, BLYP, and B3LYP methods. The results were
found to be heavily dependent on the identity of the metals, as well as the theoretical
methods applied. The method-dependence emerged in locating the true minima and
corresponding vibrational frequencies, with only the B3LYP functional predicting the
metal-dependent minima (Na: Cs isomer; K, Rb, and Cs: C»y isomer, see Figure 4.1)
inferred from the IR/Raman spectra by Andrews and coworkers.'*”- ¥ The Cyy isomers
for KF; and CsF; were more recently (2015) studied using CCSD(T)/def2-TZVPP
computations by Riedel and coworkers.!*¢ The MF; (M = Li, Na, and K) species were

also studied in 2015 using the CCSD(T)/6-311+G(3df) method by Getmanskii et al.'*®

X X X X
M M
Asymmetric T shape (Cy) Symmetric T shape (C,,)
X X X M

Linear (C,,)

Figure 4.1: Structures of MF3; (M = Li, Na, K, Rb, and Cs) reported in the literature.'44-146
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Minima for all three isomers sketched in Figure 4.1 were located for all three fluoride
species, except that the asymmetric T-shaped minimum was not found for KF3. The
global minima for LiF; and NaF3 were found to be the asymmetric and symmetric T-
shaped structures, respectively. However, a tiny 0.16 kcal mol™' (ZPVE corrected) energy
difference between the two T-shaped NaF; structures introduces additional uncertainties.
The general preference of the Cy global minimum for MF; could originate from the
special electronic structure of F3~ discussed above (see Scheme 4.1). Since the heavier
X3~ anions do not possess this unique F3~ electronic structure, it is unclear if such
structural preferences also occur for other alkali metal trihalides, MX3 (X = Cl, Br, and I).

There are limited theoretical and experimental results for the heavier halides MX3 (X
= Cl, Br, and I), and it would be beneficial to probe the latter species with rigorous
computations. The present study does this, and aims to offer some answers to the
following questions:

(1) Why is the agreement between theoretical'®® X5~ and experimental''® MX;
vibrational frequencies relatively unsatisfactory?

(2) Could the metal-dependent global minima found'** '* for MF; also occur for
MCl3, MBr3, and MI3?

(3) What are the differences between X3~ and MX3 in terms of structures, vibrational
modes and frequencies, bonding characters, and thermochemistry?

(4) Finally, the title question, not anticipated, but one that arose quite naturally as we
progressed: should the alkali metal trihalides be described as ion pairs between M" and

X3~ or as complexes between MX and X,?
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4.3 Computational Methods
An isomer search for the MX3 global minima was conducted by optimizing various
prospective structures using the B3LYP3 functional®® '#% 130 implemented in MOLPRO
2010.1.%% % This particular version of the B3LYP functional utilizes the standard VWN3
local correlation energy parameters.'® For these computations, the SCF energies and
densities were both converged to 107!°, and the RMS force was converged to 10 Hartree
Bohr!. Stationary points obtained from these optimizations were classified by their
harmonic vibrational frequencies, obtained via finite differences of analytic energy
gradients. The following standard correlation consistent valence basis sets (AVTZ for
simplicity) were used in the DFT computations:

Li, Na: cc-pVTZ!

K, Rb, Cs: cc-pVTZ-PP!*

Cl: aug-cc-pVTZ!"?

Br, I: aug-cc-pVTZ-PP'>?

The equilibrium geometries, harmonic vibrational frequencies, and dissociation
energies (Do) of MX3 global minima were subsequently obtained (with new and different
core-correlated basis sets) using coupled cluster theory with single, double, and
perturbative triple excitations [CCSD(T)],!*!* as implemented in CFOUR 2.0.>” The
restricted Hartree-Fock (RHF) method was used throughout, as all the species of interest
are closed-shell. For all CCSD(T) computations, the SCF densities, CC amplitudes, and
Lambda coefficients are converged to 107'°. The RMS force of the geometries was
converged to 10 Hartree Bohr!. The gradients were obtained via analytic first

derivatives of the CCSD(T) energy, and the frequencies were obtained by finite
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differences of these gradients. Listed below is a new group of weighted core-valence
basis sets (AWCVTZ for simplicity) that was used for the CCSD(T) computations:

Li, Na: cc-pwCVTZ"!

K, Rb, Cs: cc-pwCVTZ-PP!>?

Cl: aug-cc-pwCVTZ!!2 154

Br, I: aug-cc-pwCVTZ-PP!53 156

These are correlation consistent (cc), polarized (p), weighted core-valence (WCV),
triple-zeta (TZ) basis sets. Each halogen atom (CI, Br, I) basis set is augmented with
additional diffuse basis functions to describe potential anionic character. All electrons of
the Li, Na, and CI atoms were correlated in the CCSD(T) computations. For K, Rb, Cs,
Br, and I, deep inner electrons were treated by effective core potentials (described
below). This method was chosen because the traditional frozen-core approximation
yielded several errors in the optimized structures and harmonic vibrational frequencies
for certain species (e.g. KCl3). These issues appear to stem from systems having
correlated and uncorrelated molecular orbitals with nearly degenerate energies. Further
wavefunction diagnostics provided in the SI demonstrate that our chosen single-reference
CCSD(T) methods should be reliable. All energy and property computations were
performed using the CCSD(T)/AWCVTZ structures.

For both the B3LYP and CCSD(T) computations, we employ the multi-electron fit,
fully relativistic Koln/Stuttgart effective core-potentials (ECPs) to model the inner core
electrons of the atoms below the 3rd-row [ECP1IOMDF (K and Br): 10 electrons
(15%25*2p%); ECP28MDF (Rb and I): 28 electrons (15°25*2p°3s?3p°3d'°); and ECP46MDF

(Cs): 46 electrons (15225°2p%3523p%45*3d'°4p°4d'%)]."57 For the atoms treated by an ECP,
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the corresponding -PP basis sets are used. Since the cc-pVTZ-PP and cc-pwCVTZ-PP
basis sets for K, Rb, and Cs are not yet available in the literature, we have provided them
in the Supporting Information (SI). These basis sets are specifically matched to the ECPs
mentioned above and have the following number of primitives and contracted functions
at the cc-pVTZ-PP level: K, (11s10p6d11)/[Ss4p3d1f]; Rb, (11s9p5d1f)/[5sd4p3d1f]; Cs,
(11s9p6d41)/[5s4p3d2f]. In all cases linear dependency issues were avoided by
constraining the optimizations such that the ratio between successive functions in a given
angular symmetry was greater than or equal to 1.6. The problem of correlating functions
in ECP-based calculations recovering less correlation energy than in all-electron

calculations!>® 1%°

was circumvented by uncontracting an extra s-type correlating
function, as in previous work.!>® 10 The cc-pwCVTZ-PP basis sets for these elements
add 2s2p2dl1f sets of functions that have been optimized using the well-established
strategy for weighted core-valence basis sets.!>* To keep discussions throughout the main
text succinct, we will refer to the mixture of these basis sets for the B3LYP and CCSD(T)
simply as AVTZ and AWCVTZ, respectively.

A bonding analysis of the optimized MX3 species was performed using Weinhold
natural bond orbital (NBO) theory'®! and the Bader quantum theory of atoms-in-

molecules (QTAIM).!6? Intermolecular hyperconjugation was quantified with the second-

order energy for delocalizing electrons from a donor orbital (L) to an acceptor orbital

(NL)172

F(L,NL)?
E(2) = q, ZLN” 4.1)

ENL—EL
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where F (L, NL) is the NBO Fock matrix element, and ¢r and e are the occupancy and
energy of orbital L, respectively. Resonance structures from natural resonance theory
(NRT)!'6*165 were obtained to characterize the overall electronic structure, and types of
bonding types in MX3. We expand this picture by discussing the covalent and ionic
contributions to the natural bond order. QTAIM was used to locate the bond critical
points to assess the electron density occurring between each atom. The above described
NBO (HF/AWCVTZ) and QTAIM (B3LYP/AVTZ) analyses were performed using

NBO 6.0"> and AIMAII 16.01.09.”!

4.4 Results and Discussion

A systematic study of MX3 (M = Li, Na, K, Rb, and Cs; X = Cl, Br, and I) was performed
using density functional and coupled-cluster methods. In view of possible metal-
dependence indicated by theoretical studies of MF3 (M = Li, Na, K, Rb, and Cs),!#+146
several structures were considered (Figure 4.2) using the B3LYP functional to locate
possible local minima. This was then followed by high-level coupled-cluster
computations [CCSD(T) with the weighted core-valence basis sets, see Methods]. The
equilibrium geometries (Table 4.2 and Figure 4.3), vibrational modes and frequencies
(Tables 4.3-4.6 and Figure 4.5), bond analysis (Tables 4.7-4.8), thermochemistry (Table

4.9), and other relevant results for each species considered are reported and discussed.

4.4.1 Performance of the new weighted core-valence basis sets

We wish to assess the uncertainty of the computed geometries and vibrational frequencies

for the MX3 species. In addition, the weighted core-valence basis sets for the alkali
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metals (K, Rb, and Cs, see Methods and SI) are newly developed, and no assessment of
their accuracy is currently available. Since there is little experimental information on the
MX3 species, the relevant diatomic species MX and X»> (M = Li, Na, K, Rb, Cs and X =
Cl, Br, I) are selected as a test set. Within the NIST database, !¢ there are well-established
gas phase experimental values for the equilibrium bond distances and harmonic
vibrational frequencies of MX and X»>. Within this test set, 15 ionic and 3 covalent bonds
are included, and we benchmark our chosen theoretical methods against the experimental
values of these species in Table 4.1.

For the equilibrium bond length, the overall mean absolute error (MAE) and mean
absolute percent error (MAPE) was found to be 0.018 A and 0.7%, respectively. For each
of the three metal halides series (MCI, MBr, and MI), the theoretical bond lengths are all
slightly longer than the experimental values, with an increasing trend from LiX to CsX.
The largest differences between theory and experiment occur for CsX, with percent errors
being 1.1%, 1.0%, and 1.0% for CsCl, CsBr, and Csl, respectively. For the X» (X = Cl,
Br, and I), a decreasing trend in positive deviations (Clz: 0.8%, Brz: 0.6%, and I2: 0.3%)
can be noticed.

For the harmonic vibrational frequencies, the overall MAPE was found to be 1.7%.
From Table 4.1, most deviations are negative and within 2.0%. However, RbCl, KBr, and
I, are exceptions with positive deviations, and NaBr is the species with the highest
deviation beyond 2.0% (-3.0%). No obvious trend in percent errors can be found for the
MCI and MBr series, however, the MI series shows an increasing trend from Lil to Rbl,

with an exception that the percent error for Csl drops below Rbl. Consistent with the
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situation for bond lengths, the percent errors of the X> species decrease from Clz to I

(Clz: -2.1%, Brz: -1.8%, and I>: 0.9%).

Table 4.1: Benchmark of the CCSD(T)/AWCVTZ equilibrium bond lengths (in A) and
harmonic vibrational frequencies (in cm™) of MX and X> (M = Li, Na, K, Rb, and Cs; X
= Cl, Br, and I) molecules against experimental values from the NIST tables.

Equilibrium Bond Lengths HarmForIel;cquiltc);:zional

Species Computed  NIST  Deviation Pg?g?t Computed  NIST Pgizilt
LiCl 2.029 2.021 0.008 0.4% 635 643 -1.2%
NaCl 2.373 2.361 0.013 0.6% 359 366 -1.9%
KCl1 2.683 2.667 0.017 0.6% 276 281 -1.8%
RbCl 2.805 2.787 0.019 0.7% 231 228 1.3%
CsCl 2.939 2.906 0.033 1.1% 210 214 -1.9%
LiBr 2.180 2.170 0.009 0.4% 553 563 -1.8%
NaBr 2.517 2.502 0.015 0.6% 293 302 -3.0%
KBr 2.838 2.821 0.018 0.6% 216 213 1.4%
RbBr 2.964 2.945 0.020 0.7% 167 169 -1.2%
CsBr 3.104 3.072 0.032 1.0% 147 150 -2.0%
Lil 2.400 2.392 0.008 0.3% 493 498 -1.0%
Nal 2.729 2.711 0.018 0.7% 254 258 -1.6%
KI 3.066 3.048 0.019 0.6% 184 187 -1.6%
RbI 3.199 3.177 0.023 0.7% 136 139 -2.2%
Csl 3.348 3.315 0.033 1.0% 117 119 -1.7%
Cl, 2.003 1.987 0.016 0.8% 548 560 -2.1%
Br; 2.295 2.281 0.014 0.6% 319 325 -1.8%
L 2.673 2.666 0.007 0.3% 217 215 0.9%
Mean: 0.018 0.7% Mean: 1.7%
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In summary, the CCSD(T) method with the selected weighted core-valence basis sets
predicts reliable structures and harmonic frequencies for the relevant diatomic species
MX and X> (M = Li, Na, K, Rb, Cs and X = Cl, Br, I). Accordingly, the accuracy of our
computed equilibrium bond lengths and harmonic vibrational frequencies of alkali metal
trihalides MX3 should be satisfactory for assessing the experimental conclusions of Ault,

Andrews, and coworkers.!'®

4.4.2 Possible MXG3 structures

Previous theoretical 414 and experimental studies'*” 1*® have noticed that the identity of
the metal (M) in the metal fluoride systems MF3; (M = Li, Na, K, Rb, and Cs) dictates the
structure of the global minimum. To investigate whether a similar metal-dependence
exists for MX3 (M = Li, Na, K, Rb, Cs and X = Cl, Br, I) species, several structures were
first considered using the B3LYP/AVTZ method. The B3LYP functional was selected
due to its reliable performance in the theoretical fluoride study of Tozer and Sosa'** in
reproducing Ault and Andrews’s MF3 experimental results.'*” 4% The isomers explored
for the MX3 (M = Li, Na, K and X = Cl, Br, I) are shown in Figure 4.2. The first three
structures (also shown in Figure 4.1) were chosen because they have been previously
identified as minimum-energy structures on the MF3 potential energy surface.'**!46 Five
additional structures (4 — 8 in Figure 4.2) were selected as they represent alternate
symmetries, which are constrained during optimization. Also the coplanarity of all four
atoms implicit in structure 1 and 2 was relaxed, effectively allowing 1 to be C; and 2 C;

in symmetry.
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Figure 4.2: Possible stationary point structures explored for the MX3 (M = Li, Na, K and
X =Cl, Br, I) systems using B3LYP/AVTZ method.

In contrast to the structural variations noticed in the case of the fluoride species
MF3,!44 145 results for the other halides, the subject of this paper, are generally consistent
for Li, Na, and K. For all MX3 species, structures 1, 2, and 3 correspond to minima,
transition states, and second-order saddle points, respectively. The only other possible
minimum was found to be the structure 7, although it shows some metal-dependence. The
LiX3 structures 7 were all found to be first-order saddle points with small imaginary
frequencies of 43, 34i, and 22i cm™!, for LiCls, LiBr3, and Lils, respectively. Most NaXs
and KX3 structures of type 7 were predicted to be minima. However, a tiny imaginary
frequency (57) and two small imaginary frequencies (20i and 12i) were predicted for
NaCls and KBr3, respectively. Finer integration grids might predict all real frequencies
for these species, but the long inter-fragment distance (2.5 — 3.5 A) and the small first
few frequencies (below 50 cm™) indicate that the structure 7 is not a strongly bound
minimum. Moreover, for all MX3 species investigated, structure 7 lies 5.9 — 15.2 kcal

mol! above structure 1 at the ZPVE-corrected B3LYP level. Optimizations of structures
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4, 6, and 8 lead to either structure 1 or 7 (see SI). Optimizations of structure S separated
the MX and X moieties beyond 4.0 A.

Could structures 1 and 2 be nonplanar (as one sees in the trifluorides)? Optimizations
begun in nonplanar geometries returned uniformly to Cs and Coy minima. There were two
exceptions: 1. For MCl3 (M=Na, K, Rb, Cs) a noncoplanar structure derived from 2 was a
stationary point that turned out to be a transition state; the large imaginary frequency
characterizing this geometry led to a structure 1 geometry. 2. For CsBr3 a nearly planar
structure close to Cay (near 2) was a minimum, with a low frequency (23cm™') mode
leading back to structure 1.

Although the Cs structures are definitely preferred, the question could be asked “By
how much?” Some representative numbers for the energy difference between optimized
Cs and Cyy structures are -11.0 kcal/mol for LiCls, 1.1 kcal/mol for CsCls, 10.0 kcal/mol
for Lils, 1.2 kcal/mol for Cslz. For Li species, the Cs and Cay structures are clearly
separated by ~10 kcal/mol. However, the CsX3 (X = CI or I) have Cs and Cyy structures
nearly degenerate in energy, consistent with their small imaginary frequencies (55i and
167 for CsClz and Csls, respectively) in their Cpy shape. This is an indication that large
alkali metals (such as Cs) tend to have less impact on the X3 than the small ones (Li, for
instance). We will explore this point further in the following sections.

In summary, the strong metal-dependence reported for the MF3; (M = Li, Na, K, Rb,
and Cs)!* %5 species does not appear to carry over to the MX3 (X = Cl, Br, and I)
systems. In contrast to the general preference for a C>y global minimum for MF3, our
DFT computations suggest that the asymmetric T-shaped Cs structure (structure 1 in

Figure 4.2) is a global minimum for all MX3 species. This is consistent with the Ault and
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Andrews’s experimental finding for MCls (M = Li, Na, K, Rb, and Cs).''® We only focus

on the asymmetric T-shaped global minimum for the rest of the discussion.

4.4.3 Equilibrium geometries for MX3

The labels of atoms and bonds in MX3 (M = Li, Na, K, Rb, and Cs; X = Cl, Br, and I) are
shown in Figure 4.3, and the parameters of all equilibrium geometries are listed in Table
4.2. For comparison, the “free” X3~ (X = Cl, Br, and I) geometries are also reported.

For the trihalide series seen in Table 4.2, the CI-Cl bond distance in the “free” Cls~
(D«n) is predicted to be 2.313 A at the CCSD(T)/aug-cc-pwCVTZ level. This value
agrees well with the CCSD(T)/aug-cc-pV(T+d)Z result (2.314 A) by Dixon and
coworkers'?” and the CCSD(T)/aug-cc-pVQZ result (2.313 A) by Riedel et al.'%” The Br-
Br bond distance in Brs~ is predicted to be 2.571 A at the CCSD(T)/aug-cc-pwCVTZ-PP
level. This value is slightly shorter than the Br-Br distance (2.585 A) computed at the
CCSD(T)/aug-cc-pVTZ-PP level by Dixon and coworkers.!?* Both CI-Cl and Br-Br bond
distances are also close to DFT results obtained at the MPWBI1K/6-31+G(d) level of
theory by Pichierri.!®® The I-I bond distance in “free” I3 is predicted to be 2.944 A at the
CCSD(T)/aug-cc-pwCVTZ-PP level. This value is shorter than the I-I distance (2.973 A)
computed with the CCSD(T)/aug-cc-pVTZ-PP method by Dixon and coworkers.!?
However, our distance agrees well with the result (2.945 A) at the CCSD(T)/aug-cc-
pVTZ-PP level (all orbitals are correlated) by Braida and Hiberty.!*® The difference in
bond lengths calculated with ostensibly the same methodology, not to speak of what
would be obtained with different levels of calculation, serves in a way to set the

theoretical equivalent of an error bar on a calculation.
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There are to date limited reports of any type for the MX;3 (X = Cl, Br, and I) structures
in the gas phase or in matrices. Hence we are drawn to some solid state results. And here
we need to insert an anticipation of what Table 4.2 holds, which can be summarized as a
variable asymmetrization of the trihalide moiety of MX3, in the asymmetric environment
the trihalide faces in a Cs geometry.

Such asymmetrization is a sign of the relatively small energy involved in changing
the B1 and B2 bond lengths from equality in X3~ itself, no cation present, along an
antisymmetric stretching coordinate. Experimentally, the evidence for this is the beautiful
Biirgi and Dunitz diagram (a plot of B1 vs B2) for all the triiodide structures in the
Cambridge Structural Database (CSD'®’) in 2003, by Svensson and Kloo.!” We have
regenerated this plot in Figure 4.4, The impetus for a structure to move from the 45° line
(B1=B2) is, of course, the asymmetry of the counter-cation in the structure, or the crystal
packing. Whichever it is, the hyperbola we see is prima facie evidence of an energetically
easy excursion along a very specific potential energy surface in which B1#B2. A similar

diagram for tribromide structures may be found in Robertson et al.'?’

B1 B2

B3 B4

Figure 4.3: Labels of atoms and bonds in MX3 (M = Li, Na, K, Rb, and Cs; X = Cl, Br,
and I) used in Table 4.2.
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Table 4.2: Equilibrium geometries (bond lengths in A and angles in degrees) of MX3 (M
= Li, Na, K, Rb, and Cs; X = Cl, Br and I) minima (see Figure 4.3) optimized using the
CCSD(T)/AWCVTZ method. Previously reported values are given in parentheses.

Specics BI B2 B3 B4 A A
(X1-X2) (X2-X3)  (MXD) (M-X2) (X1-X2-X3) (X1-M-X2)
= (2.31%15?12?313'3) (2.31%15?12?313'3) - 180.0 -
LiCl; 2.836 2.050 2079 2382 169.1 78.6
NaCl, 2.719 2,078 2440 2733 174.1 63.1
KCly 2.508 2.116 2786 2.982 1743 53.4
RbCls 2.569 2.127 2025 3.09 174.1 50.4
CsCly 2.553 2.132 3084 3253 174.1 474
Brs: (22552251) (22555?51) ] ' 180.0 '
LiBr; 2.879 2.385 2269 2.463 171.0 74.8
NaBr: 2817 2.410 2629 2.809 174.0 623
KBr, 2741 (2.64°) 2441 (249) 2989  3.083 173.2 53.6
RbBr; 2721 2.450 3137 3.199 172.7 50.9
CsBr; 2702 (2.698%) 2458 (2.440% 3312 3344 172.0 479
L (2.97229??9456) (2.9722??14.‘9458) - - 180.0 -
Lil, 3.229 2.769 2504 2.664 170.2 773
Naly 3.182 2.790 2855 3.017 173.4 65.6
K, 3.113 2816 3226 3321 172.9 56.8
Rb,  3.005(3.051%)  2.824 (2.833) 3376  3.444 172.4 54.0
CsL 3.075(3.035)  2.832(2.83%)  3.552  3.589 171.7 51.0

2 The CCSD(T)/aug-cc-pV(T+d)Z values from ref 120.
> The CCSD(T)/aug-cc-pVQZ values from ref 167.

¢ X-ray values of Pnma KBrj3 crystal from ref 171.

4 X-ray values of Pmnb CsBr; crystal from ref 172.

¢ The CCSD(T)/aug-cc-pVTZ-PP values from ref 138.
f X-ray values of Pnma RbI; crystal from ref 173.

¢ X-ray values of Csl; crystal from refs 174 and 175.
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Figure 4.4: A plot of the two distances, r1 and r2 (corresponding to our B1 and B2) in the
triiodide structures in the Cambridge Structural Database. Reprinted from ref 176.
Copyright 2013 American Chemical Society.

We can simulate the energetics involved theoretically by fixing 2.67 A <B1 <2.94 A
(the limits are its values in I> and 1I57), and allowing B2 to vary. The resulting plot (in the
SI) reproduces the hyperbola pretty well, and shows that it takes 4.8 kcal/mol for I3~ to
move from Bl =2.67 A, B2=3.07Ato B1 =B2=2.94 A.

Returning to specifically M X3 structures, with the M of this study, we do find some in
the literature. In these, even if the stoichiometry is MX3, one does not have a molecular
crystal of MX3 entities well-separated from other such molecules; instead there are

arrangements of varying complexity of X3 anions of varying asymmetry, and the M
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cations. The structures resolved in previous experimental studies at least in part to give an
idea of their complexity.

The structures observed fall into three groups: (1) MX3 solid state structures; (2)
MX3:Z, where one or more Z molecules accompany the metal halide in the solid state
structure; (3) extended structures associated with high pressure environments, often
theoretical.

In group 1 we have structures of CsBr3, Rblz and Csls (the latter done independently
by two groups, and also at -160°C).!7% 173 175. 177 In each case, the coordination
environment of the trihalide is far from simple — for instance in CsBr; the tribromide
group has no less than 8 different Cs* ions coordinated to it, at 3.52-4.02 A. And that
coordination environment is very, very different from that we calculate for our isolated
MX3 molecules. Nevertheless, the observed asymmetries of the trihalides in these
structures quite remarkably resemble those calculated by us for isolated molecules. In the
crystal structure of CsBrs in Pmnb space group,'’? the experimental Br-Br bond length
pair was reported to be 2.698/2.440 A, which agrees well with the values 2.702/2.458 A
reported in the present research. The I-I bond length pairs in the Rbls!”* and Csl;!7# 17
crystal structures were reported to be 3.051/2.833 and 3.04/2.84 A (some variation among
the crystal structures), respectively, and the two sets of values are close to the
corresponding 3.095/2.824 and 3.075/2.832 A obtained at the CCSD(T)/AWCVTZ level
in this work. A theoretical study of the Csls crystal finds 3.01/2.90 A.'7

The second group — MX3 associated with other molecules — is a rich one. Here are
three examples of many: KI3-H,0, KI-KI3-6(N-methyacetamide), Cs2ls = Csz-(I3)2:12.17"

181 Naturally, the triiodide environments are still more complex in these compounds.

78



Remarkably the triodide in KI3-H,O is nearly symmetrical, I-1 2.925/2.935 A, the
asymmetry calculated by us is 2.816/3.182 A. The trihalides in Cs.ls are closer to our
molecular asymmetry, at 2.84/3.00 A. One has to draw an imaginary line somewhere in
listing compounds in this class, as the structures quickly shade over to the multitudinous
class of polyiodides, in which trihalides interact weakly or strongly with iodide ions and
I, molecules.!”®

The high pressure structures, the third group, are a relatively new phenomenon, one
with which one of us (RH) is much involved. Under extreme conditions of elevated
pressure new stoichiometries emerge, simply not there at 1 atm. Calculations often
precede syntheses in this playground; actual observation of predicted phases is relatively
rare. In the two cases we mention, NaCl; and KCl;, one actually has seen the
compositions in experiment. In the NaCl; crystal structure (Pm3n space group) at high
pressure (200 GPa),'®? the shortest CI-Cl and Na-Cl bond distances were recently
reported to be 2.06 and 2.30 A. These two distances are not far from to 2.078 and 2.440
A (B2 and B3 in Figure 4.3 and Table 4.2) at the CCSD(T)/AWCVTZ level in this work,
respectively. The Br-Br bond length pair in KBr3 was reported in 2017 to be 2.64/2.49
and 2.90/2.51 A in Pnma (4 GPa) and P3c1 (15 GPa) space groups, respectively.'”!
These distances may be compared to our theoretical values 2.741/2.441 A (Table 4.2) at
the CCSD(T)/AWCVTZ level. In general, it may not be fair to compare distances in a
calculated compressed crystal with our isolated molecule values a P = 1 atm.

Returning to our computational results, summarized in Table 4.2, in all MX3
structures, a clear decreasing and increasing trend can be observed in the change of Bl

(X1-X2) and B2 (X2-X3) bond lengths from Li to Cs, respectively. In other words, the
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bonds Bl and B2 tend to converge at CsX3 with a distorted structure compared to the
“free” X3~ (CI-Cl: 2.313 A; Br-Br: 2.571 A; I-I: 2.944 A, Table 4.2), implying a
decreasing interaction of M" with X357, probably due to the increasing metal-halogen
distance from Li" to Cs*. Moreover, the Br;™ and I3~ are less distorted than Cl3~ by the
same alkali metal, in terms of the imbalance of bond pair B1/B2 in Table 4.2. Both B3
(X1-M) and B4 (X2-M) keep increasing because of the enlarged atomic size from Li to
Cs, and the bond pair B3/B4 distances become more similar from LiX3 to CsXs.
Particularly, the B3 and B4 distances in CsBr3 and Csls are almost equal with a A(B3-B4)
of only about 0.03-0.04 A, whereas it is relatively large for CsCls (~ 0.17 A).

We already mentioned the MX- X, perspective, which emerges in the next section; the
similarity of B2 and B3 distances brings to mind still another viewpoint, an
organometallic one: it suggests an M" ion m-bonding to just one pair of atoms in a
trihalide anion.

Most importantly, the internuclear distance between M and atom X3 (Figure 4.3) is
always long (mostly beyond 4.0 A, with the exception of Li-CI3 being 3.901 A). Hence
no strong interaction between the alkali metal and this particular halogen atom X3 is
seen. This is consistent with the observation that the MX3 (M = Li, Na, K, Rb, Cs and X
= (I, Br, I) species all possess an asymmetric T-shaped Cs equilibrium structure, instead
of a symmetric Cay structure (Figure 4.1), such that is seen for most MF3 species.!#4146
Such a different preference of symmetry between MF3; and MX3 is largely dictated by the

different electronic structures of the two, which has been discussed in the Introduction

(see also Scheme 4.1).
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For the angle A(X1-X2-X3) in Table 4.2, a ~6—10° deviation from linear X3~ is
noticed for all MX3 series. The LiX3 always possess the most bent A(X1-X2-X3) angle,
which is about 10° from linearity and distinct from those of NaX3 by 3°-5°. The A(X1-
X2-X3) angles from NaX3 to CsX3 are more consistent, especially for the MCls.
However, a slightly decreasing trend from Na to Cs can be found for the MBr3; and MI3
series. In the Svensson and Kloo review of triiodide structures, their Fig. 10 shows small
departures from triiodide linearity in hundreds of such structures. Departures from
linearity of ~6—10° are rare; indicating in still another way the strong M-X3 bonding. In
discrete molecules, in addition, the angle A(X1-M-X2) becomes increasingly acute due to
the enlarged atomic size from Li to Cs.

In summary, our geometrical parameters show reasonable agreement with available
experiments. For all three MX3 series, the trend in geometrical change indicates a
generally decreasing distortion of the X3~ structure by M" from Li" to Cs". Cs (and not
Cyy) symmetry is established for all MX3 (X = Cl, Br, and I). Such preference for Cs
symmetry is also reflected in the MX3; harmonic vibrational modes and frequencies,

which are discussed in the following section.

4.4.4 Vibrational modes and frequencies of MX3

Generally, for the “free” D.n X3~ (X = Cl, Br, and 1) anions, the antisymmetric stretch
(ou) and bend mode (7u) are both IR-active, while the symmetric stretch (og) is Raman-
active, as shown at the top of Figure 4.5. Since the MX3 experiments necessarily contain
countercations, which distort the X3™ into a lower symmetry, both stretches are expected

to have substantial intensity in the IR and Raman spectra.
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Mode 1 (a")
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Figure 4.5: Vibrational modes for the Do “free” X3~ (illustrated for Cl37) and Cs MX3
(illustrated for KCl3).

Table 4.3: Harmonic vibrational frequencies (cm™) and infrared intensities (in
parentheses, km mol™) for the isolated X3~ (X = Cl, Br, and I) anions computed using the
CCSD(T)AWCVTZ method.

Mode Cls” Brs~ I
" " o " " "
253
o (asymstretch, ) | (53 254 | 187(250) 186 | 138(151) 139
o> (sym stretch, og) | 264 (0F 261 164 (0) 161 114(0) 112
3 (bend, 7,) 161 (1) 159 89 (0) 88 57 (0) 57

# Harmonic vibrational frequencies in this work.
 Harmonic vibrational frequencies reported by Dixon and coworkers (ref. 120).
¢ Vibrational modes for @ and w, switch for Cls".
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Table 4.4: Harmonic vibrational frequencies (cm™) and infrared intensities (in
parentheses, km mol!) of the chlorides MCl3 (M = Li, Na, K, Rb, and Cs) molecules
predicted using the CCSD(T)/AWCVTZ method.

LiCl3 NaCls KCIs RbCl3 CsCls

0} expt? w expt* 0} expt? w expt? 0} expt?

vi(@)® | 453(93) 410 | 414(188) 375 | 370(242) 345 | 360(245) 340 | 354(239) 327

w(a) | 576(107) - 322(41) 276 | 248(57) 258 | 222(80) 223 | 216(89) 225
vi(a)® | 281(84) - 183(25) - 190(16) - 179(10) - 17427)

va(a)® | 92(77) - 117(113) - 138(158) - | 134(140) - 127(116)

vs(a)® | 124(5) - 85(8) - 66(2) - 52(1) - 44(1)

ve(a")’ | 108(7) - 123(1) - 138(1) - 141(1) - 143(1)

2 Raman and IR fundamentals reported in the Ault and Andrews argon matrix study (ref. 118).
® The v-¢ correspond to the modes 1-6 in Figure 4.5, respectively.

In Table 4.3, the harmonic vibrational frequencies of the isolated X3~ computed in
this work agree to within 3 cm™ of those reported by Dixon and coworkers.!?’ However,
with respect to the experimental MCls frequencies (see Table 4.4) of Ault and
Andrews,''® we only observed reasonable agreement with the 258 cm™! band for KCl3. In
fact, the experimental frequencies of the two prospective MCl3 bands range from 327 -
410 cm! and 225 - 276 cm’!, respectively.!!® A similar range is also noticed for our
computed MCls frequencies. It is unclear why the two stretch frequencies of Cl3~ vary so
greatly over the range of alkali metal countercations. The extended ranges for the
computed MBr; and MI; frequencies (Table 4.5-4.6) imply a similar ambiguity. This
calls into question whether the two observed MX3 bands truly correspond to the
symmetric and antisymmetric stretches of X3. Rather, the bonding in MX3 establishes

alternate normal modes of vibration that include substantial displacement of both the
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halide and metal. Therefore, a direct comparison of the frequencies of X3~ and MX3 is not

straightforward, and explicit inclusion of the alkali metal cation is necessary.

4.4.5 A complex of MX with X,?
The idea that the alkali metal trihalides might be viewed (that’s all, just a suggestion of
an alternative perspective) as strongly bound complexes of MX and X, came from
examining the detailed nature of the fundamental vibrations of these molecules.

As depicted in Figure 4.5, the antisymmetric and symmetric stretches of X3~ proposed

118 of MX; are not found among our computed

in the previous experimental study
vibrational modes of MX3. Note that the modes illustrated in Figure 4.5 are similar in all
MX3 (M = Li, Na, K, Rb, Cs and X = Cl, Br, I) molecules. However, for the species with
heavy metals (Rb and Cs) which show relatively mild perturbation to X3~ (judging from
its distance asymmetry in Table 4.2), mode 2 (M-X1 stretch) is coupled with the adjacent
X1-X2 stretch. Still, no sign of any well-preserved symmetric or antisymmetric stretches
of the “free” X3~ anion can be found from the modes of MXs.

Figure 4.5 illustrates the vibrational modes for KCls. The fundamental vibrations of
other MX3 molecules are remarkably similar, despite the difference in internal asymmetry
of the X3 unit, and distance of M from X3. There are differences, which may be seen by
comparing KCl3 and MXj, illustrated in SI. We also found useful a Total Energy
Distribution (TED) analysis of the vibrations. which allows one to see the internal
coordinates entering a given vibration. These are tabulated in the SI (Table S1). A file

allowing animation of all vibrations is available from the authors.

Only modes 1 and 6 involve displacement of the halides alone, whereas modes 2, 3, 4,
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and 5 involve significant displacements of the metal as well. Note that mode 1 is almost a
pure X-X bond stretch; however, the stretch appears localized to a single X-X bond (X2-
X3, B2 in Figure 4.3), unlike the stretches of X3~ which displace two X-X bonds. This is
not unexpected; the equilibrium geometries of the X3~ unit in MX3 are unsymmetrical in
just this direction. Mode 2 appears to be a localized M-X (M and X1, B3 in Figure 4.3)
bond stretch. This localization of two fundamental modes of vibration, conserved across
the series studied, suggests that the MX3 system may be alternatively described as an
MX-X, complex, rather than a M"X3™ ion pair. On this basis, modes 1 and 2 should be
distorted X-X and M-X stretches. Specifically, compared to the “free” X> and MX
frequencies (Table 4.1), the localized X-X and M-X stretch frequencies of the MX3
species (Tables 4.4-4.6) are mostly found to be lowered, and a consistently decreasing
trend may be found moving from Li to Cs.

We note in passing that the optimized bond distances also show a sign of MX---X>
bonding — the X1-X2 distance is always longer than X2-X3, and M-X1 is shorter than M-
X2. Agreed, the differences are not large, but the trend is consistent.

While we question the previous description of the MX3 normal modes, the
corresponding frequencies computed here should still align with the experimental
vibrational bands. This is because all the modes belong to irreducible representations of
the Cs point group, and are thus both IR/Raman-active. So a detailed comparison with
matrix isolation experiment is in order.

As shown in Tables 4.3 and 4.4, a direct comparison of the MCI; harmonic
vibrational frequencies with the experimental values of Ault and Andrews''® yields

generally better agreement than the previous comparison using Cls3~, isolated,
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noninteracting vibrational modes. To facilitate the assignment of the experimental bands,
we notice that only a few modes have the intensity necessary for detection. In addition,
the noted IR spectrophotometer limit (200 cm™) of the experiment'!® precludes the
observation of v4 — v¢ for LiCl3 and v3 — v¢ for MCI3 (M = Na, K, Rb, and Cs). Therefore,
only vi and > are candidates for assignment to the experimental IR/Raman bands.

The harmonic vibrational frequencies corresponding to vi and v of the MCl;
molecules are relatively close to the experimental values. However, there remain
significant discrepancies. Deviations above 40 cm™! from fundamentals are noticed for v
and v of LiCl3 and NaCls. The v> harmonic vibrational frequencies for KCls, RbCl3, and
CsCl; deviate by 20-27 cm™!, which is more reasonable, but still larger than expected. For
the frequencies of this magnitude, we do not expect substantially large enough
anharmonic contributions to correct these deviations. A plausible reason for such
deviations is that the large red-shift (about 20 — 60 cm’!, see Table S1 in the SI) noted for
MX vibrational fundamentals in argon matrices'?? carries over to the MX3 species. Recall

that in Ault and Andrews’s experiment,'!8

MCIl; was generated through the reaction of
MCI and CI in an argon matrix at 15 K. As such, the MCI stretch was measured prior to
MCI; formation. This stretch frequency aligns with the value reported by Jacox (see Table
S1 in the SI),'?* ¥ confirming a similar argon-induced shift for the Ault and Andrews
MCI band. By extension, their reported MCl3 bands may be significantly shifted as well.
Accordingly, assessing the agreement between gas-phase theoretical frequencies and
argon matrix experimental frequencies''® is challenging. Depending on the metal

involved, vi and v> can be tentatively assigned to the CI-Cl and M-Cl stretches, which are

probably the actual vibrational bands observed in the Ault and Andrews experiment.!!8
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In comparison, there are fewer experimental results for the MBr3 (Table 4.5) and MI3
(Table 4.6) species. The 214 cm™ KBr3; band reported by Ault and Andrews'!® is close to
our computed frequency for the localized Br-Br stretch mode (vi = 225 cm™). Since the
largest vibrational frequency of the “free” Brs™ is predicted to be 187 cm™ (Table 4.3), it
is not reasonable to assign this 214 cm™! band to Brs~ in KBr3. A good agreement between

121, 122, 131, 184 iq achieved for the CsBr; vibrational frequencies.

theory and experiments
The vi, v2, and v4 frequencies are computed to be 217, 152, and 96 cm™!, respectively,
each of which matches the observed vibrational bands within 10 cm™. Comparison of the
computed frequencies of CsBr3 (Table 4.5) and the “free” Brs™ (Table 4.3) indicate that

the 152 and 96 cm™! experimental bands seemingly match those of Brs~, whereas the 217

cm™! band does not.

Table 4.5: Harmonic vibrational frequencies (cm™) and infrared intensities (in
parentheses, km mol ™) of the bromides MBr; (M = Li, Na, K, Rb, and Cs) molecules
predicted using the CCSD(T)/AWCVTZ method. The KBr3 and CsBr; frequencies in
italics are from experiments.

LiBr; NaBr3; KBr; RbBr; CsBr;
v (@) 244(72)  227@81) 22521(,1;’4)’ 20037 0%1/7251032; N
V2 (@) 588 28(67) 183y 15532, 0nl0k
vs (@) 283(79) 150(26)  141(38)  128(14) 122 (4)
vs (@) 104(38)  108(47)  11331)  106(30) 96 (27), 82¢
vs (@) 76 (17) 66 (6) 50 (3) 372) 29 (1)
ve (a")? 77 (6) 79 (1) 82 (0) 83 (0) 84 (0)

2 The vi-¢ correspond to the modes 1-6 in Figure 4.5, respectively. ® Raman and IR frequencies reported in
ref. 118. © Raman and IR frequencies reported in refs. 121 and 122. ¢ IR frequencies reported in ref. 184. ¢
Raman frequencies reported in ref. 131.
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Table 4.6: Harmonic vibrational frequencies (cm™) and infrared intensities (in
parentheses, km mol™') of the iodides MI; (M = Li, Na, K, Rb, and Cs) molecules
predicted using the CCSD(T)/AWCVTZ method. The Cslz frequencies in italics are from
experiments.

Lil; Nal; KT, Rb; Csly

v (@) 171 (56) 164(69)  168(67) 160 (87) 1 51b5/z4(§52’49d
v2 (@) ar@e)  men @y  usay o007
vs (@) 273(58)  130(16)  106(23) 96 (22) 90 (1)

s (@) 80 (26) 83 (27) 86 (16) 79 (10) 74 (12), 66769
vs (@) 51.(7) 47 (4) 39 (4) 30 2) 24.(1)

e (") 53 (8) 51(1) 53 (0) 53 (0) 54 (0)

2 The vi-¢ correspond to the modes 1-6 in Figure 4.5, respectively. ® Raman and IR frequencies reported in
refs. 121 and 122. ° IR frequencies reported in ref. 184. ¢ IR frequencies reported in ref. 185. ¢ Raman
fundamental (in solid argon) reported in ref. 119.

For Csls, we find that the three vibrational frequencies from experiments!2! 122 184, 185

align well with our predicted harmonic values for vi, v2, and v4. It should be noted that
each of the three computed frequencies of “free” I3~ (Table 4.3) are in relatively good
agreement with the corresponding experimental values for vi, v2, and v4 of Cslz (Table
4.6). This is the only case where X3~ completely corresponds with MX3. However, Csls is
an extreme case, for which the frequencies (and the geometry) tend to suggest a Cs'I3~
ion pair, in spite of its underlying electronic structure (see next section). More generally,

the experimental frequencies of CsBr; and Csl; were obtained from the solid state,!?! 12>

131, 184, 185 \which might involve alternate electronic structures that make a direct
comparison between theory and experiment ambiguous. The seemingly aligned I3~ and

Cslz frequencies are outliers. They by no means guarantee overall agreement across all

MBr3; and M1z (M = Li, Na, K, Rb, and Cs) species.
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To summarize: with limited experimental data, no solid conclusion can be drawn here
from the experimentally observed vibrations about whether the MBr3; and M3 should be
viewed more as an M'X3™ ion pair or the MX-X, complex. These concerns
notwithstanding, explicit consideration of the metal is instrumental in understanding the
vibrational frequencies of the MX3 species. And an MX-X> complex viewpoint of the
bonding in the molecule, a perspective that has hitherto not received much attention, is
naturally suggested by the vibrational modes. Key factors driving the vibrational
frequencies are clearly evinced by an intimate examination of the electronic structure

through bonding analyses.

4.4.6 Bonding analyses of MX3

Bond strength has been described theoretically in the literature by a plethora of bonding
indices. Just the fact that there are so many is evidence that bond indices, even as they
carefully defined, are to some degree arbitrary. We chose to follow here the insight
obtained from a natural bond orbital bond order, as defined by Weinhold and Landis.!%¢
The natural bond orbital (NBO) results in Table 4.7 show that the bond order of B1 (X1-
X2) is consistently lower than that of B2 (X2-X3) for each MX3 species. No surprise, as
this follows the calculated equilibrium distances. A considerable increase of X1-X2 bond
order indicates the X1-X2 and X2-X3 become more balanced for KBr3, RbBr3, CsBr3,
K13, Rbls, and Csls. For the MCl3 species, the X2-X3 bond orders are large, approaching
those of a single bond. But as the distances in Table 4.2 show, the corresponding bond
length remains substantially longer than in Cl..

In the NBO formalism, it is possible to assign covalent and ionic character to
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bonds.'®*1% The covalency of the X2-X3 bond is also supported by its natural bond order,
comprised primarily of covalent contributions (Table 4.7), although an increasing ionic
character of the X2-X3 bond can be found on moving from LiCls to CsCls. The
preference of covalent over ionic character is switched for KBr3, RbBr3, CsBr3, KI3, Rbls,
and Csls, in which the X2-X3 bonds possess slightly more ionic features than covalency.
This is in accordance with the increased negative charges on atom X3, as shown in Table
4.7.

The calculated charge distribution shows almost complete electron transfer from the
metal ion to the trihalide. And in the trihalide, no matter how asymmetric it is, the net
charge on the central atom, X1 is close to zero. The electron transferred is distributed, in
an asymmetric fashion consistent with the asymmetry of the bonding, among X1 and X3.
The pileup of electron density at the termini of a three-center electron-rich system is what
one would expect; it is connected, in another context, to the presence of strongly
electronegative fluorides at the termini and not the middle of such bonds (e.g. FXeF).

The presence of the metal cation engenders localization of electron density mostly
onto X1, as shown by the natural charges in Table 4.7. Orbital interactions based on the
NBO perturbation theory analysis (see Methods) shows that the leading interaction
between the X1 and X2-X3 units is always the donation of an X1 lone-pair 7(X1) into the
X2-X3 antibonding orbital 6" (X2-X3) for all MX3 species. Thus, strengthened X1-X2 and
weakened X2-X3 bonds are expected. The energies for this n(X1) — ¢ (X2-X3)
interaction (see SI) gradually increase from LiX3 to CsX3 (X = CI, Br, or I). Therefore,
the bond orders of X1-X2 and X2-X3 are expected to increase and decrease, respectively.

This finding aligns with the trends for the natural bond orders of X1-X2 and X2-X3 given

90



in Table 4.7. Also, this is in consistent with the decreasing X1-X2 and increasing X2-X3

bond lengths in Table 4.2.

Table 4.7: Natural bond orders and natural charges for MX3.?

Natural bond order: total (covalent/ionic) Natural charge

X1-X2 (Bl)  X2-X3(B2) XI-M(B3) X2-M(B4) | XI X2 X3 M
L (0.205/5(;).25) (0.2055825) - - 048 -003 048 -
LiCly (0.006?506) (o.s;()i/gt)().og) (0.002/5(;).48) (0.001'703.42) -0.88 0.0 -0.05 0.3
NaCls (0.001'?0?07) (0.70;06.13) (0.002'509.87) (0.00(5?01.01) -0.860.01 -0.11 0.9
KCly (0.003/1()3.10) (0.6()i/7()9.18) (o.ooi/7()5.74) (0.006?06.06) 081 0.01 -0.18 0.97
RbCls (0.(?4/105.11) (0.507'/7(120) (o.ooi/7()2.71) (0.006?06.06) -0.79 001 -020 0.98
CsCls (0.004/1512) (0.504/705.21) (0.001'/609.68) (0.00(5?07.07) -0.79 001 021 0.98
Brs- (0.2055(325) (0.205/5()().25) - - 048 003 048 -
LiBrs (0.003}()3.10) (0.6()i/7()6.14) (0.0%?0?45) (0.001'?03.42) 077 -001 -0.14 092
NaBrs (0.(?4/105.11) (0.5067519) (0.002'/7(;‘.72) (0.00(5?06.09) -0.76 000 -0.20 0.96
KBrs (0.101-?00.18) (0.205/5()6.31) (0.006/2525) (0.00(5/109.19) 071000 -0.26 0.97
RbBr; (0.1023()1.19) (0.204/5(;5.31) (0.006/2()3.23) (0.00(5/20().20) -0.70 001 -0.28  0.97
CsBry (0.1033()2.19) (0.203/5(i3l) (0.006/2()3.23) (0.00(5/20().20) -068 001 -0.30 098
L (0.205?(325) (0.205/5()().25) - - 049 -0.03 049 -
Lils (o.ooé/l(ilz) (0.26/7(;17) (o.ooé?(iso) (0.001'302.31) 073 -001 -0.16  0.89
Nals (0.005/1()7.12) (0.5047320) (0.0025(356) (0.006/206.26) 072 -001 -0.21 0.94
Kl (0.1023()1.19) (0.205/5(;5.30) (0.001'?(;‘.43) (o.ood/loo.m) -069 000 -0.27 0.96
RbIy (0.1033()2.19) (0.204/5330) (0.000'/2(;‘.24) (0.006/201.24) -068 000 -0.29 097
Csly (0.104?03.19) (0.203/5()3.30) (0.000'/2(;‘.24) (0.006/201.21) -0.670.00 031 0.97

2 The CCSD(T)/AWCVTZ geometries are used. See Figure 4.2 for atomic label and bond definition for
MXs;.
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The general picture that emerges is consistent with the donor-acceptor picture of
bonding in the trihalide anions, at one end of a bonding spectrum, at the other end being
symmetrical electron-rich bonding.!*>1%

Both B3 (X1-M) and B4 (X2-M) bonds possess some “purely” ionic character,
supported by the natural charges and their predominant ionic bond orders reported in
Table 4.7. For the MClj3 series, except for the similar X1-M and X2-M bond orders for
LiCl3, the X1-M bond orders for the other species are much higher than the X2-M bond
orders, but comparable to the corresponding X2-X3 (B2) covalent bonds. This
observation supports a view of MCIl3 as formed from MX and X» interacting through
weaker X1-X2 and X2-M bonds. For the bromides and iodides, however, a considerably
decreased X1-M bond order for KBr3, RbBr3, CsBr3, KIz, Rbls, and Csl; can be noticed,
coupled to the generally increased X1-X2 and X2-M bond orders. This is another
indication that the X3~ is less impacted by the larger metal atoms than the smaller ones,
which also leaves these species standing at a borderline between the MX-X> complex and
M"X3™ ion pair. However, the featured antisymmetric and symmetric stretches of X3~ are
not clearly exhibited in their vibrational modes discussed previously.

To further correlate the NBO results with the vibrational frequencies, the gradually
increasing interaction energies (see SI) for the donor-acceptor interaction [n(X1) —
o' (X2-X3)] from LiX; to CsX3 rationalize the increasingly shifted X-X stretch
frequencies (Tables 4.4-4.6) in MX3, relative to the frequencies of corresponding “free”
diatomic X> species (Table 4.1). The increasing dative interaction from Li to Cs leads to a
greater o (X2-X3) orbital occupation, which weakens the X2-X3 bond (B2) and therefore

lowers the X-X stretch frequencies. On the other hand, a comparison of the M-X stretch
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frequencies of MX3; and the “free” MX shows that the X1-M (B3) stretch in MX3
becomes decreasingly impacted from Li to Cs. The physical origins of this trend seem
ambiguous. One possible explanation is that its displacement of the metal in the M-X1
stretch decreases as it becomes heavier, making any perturbation from the X, moiety

have less impact.

4.4.7 QTAIM
All of the molecules studied feature bond critical points for every short contact. This is
shown in Fig. 6 for a typical molecule, KCls.

Our results from Bader’s quantum theory of atoms-in-molecules (QTAIM) are
reported in detail in the SI. Consistent with above NBO results (Table 4.7), the electron
density at the bond critical points (BCPs) of B1 (X1-X2) is lower than that of B2 (X2-X3)
for each MX3 species, suggesting a consistently stronger X2-X3 bond than the X1-X2
bond. Similar to the NBO results from LiX3 to CsX3, the trends in BCP densities of the
X1-X2 bonds (increasing) and X2-X3 bonds (decreasing) indicate that the two bonds
become more balanced. In Bader’s characterization of atomic interactions,'®’ the
Laplacian of the electron densities V>p(BCP) in Table S2 (in the SI) should provide
general bonding features of the MX3 systems. The consistently smaller V>p(BCP) of the
bond X2-X3 compared to that of the X1-X2 bond implies that the former possesses more
covalency than the later. In addition, the X2-X3 V2p(BCP) increases from LiX3 to CsXa,

suggesting an increasing ionic and decreasing covalent character.
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Figure 4.6: Bader analysis for the Cs MX3 (illustrated for KCl3), including bond critical
points (BCPs, green) and ring critical point (RCP, red). The dashed line for the central
KClI bond indicates a CP density below the “weak CP threshold” of 0.025 a.u.

In summary, the bonding trends explored with NBO and QTAIM approaches clearly
show that X1-X2 and X2-X3 become more balanced from LiX3 to CsX3, although they
are never as “truly” balanced as in the “free” D.n symmetric X3~. We are led to the same
conclusion drawn from the structures (Table 4.2) of MX3: a decreasing effect of the M"
cation on the X3~ anions from LiX3 to CsX3. A comparison of the bonding types of X3~
(Scheme 4.1) and MX;3 (Table 4.7) shows that the two equal contributors (bonding types I
and II) to the bonding in X3~ anions collapse into mostly just one of the two for MX3,

mainly depending on the position of the metal cations.

4.4.8 Thermochemistry of MX3

The reaction energies (Do, corrected by ZPVE) of three different dissociation pathways:

MX3 — MX + X3 4.2)
MX3 — M* + X5~ (4.3)
MX3 — M+ X3 (4.4)
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are summarized in Table 4.8. The reason for studying the neutral version of the MX3; —
M" + X3~ fragmentation is that ionic fragmentation is naturally more endothermic than
neutral ones. In all cases, the dissociation energy for the MX3 — MX + X, reaction is

much lower than that of the MX3; — M" + X3™ (or MX3 — M + X3) dissociation. This

result supports our previous conclusion indicating that the MX3 system is also well-

described as an MX-X» complex, rather than an M"X3™ ion pair.

Table 4.8: Endothermicities (Do, kcal mol™') of the three different dissociation processes
for MX3 (M = Li, Na, K, Rb, and Cs; X = Cl, Br, and I) molecules predicted using the
B3LYP3/AVTZ method.

Do (MX3 — MX + Dy (MX3 — M+ Dy (MX3 — M+ X3)

Species X:) Xs)
LiCls 10.0 134.8 115.1
NaCls 11.2 114.1 99.0
KCls 12.9 100.3 105.6
RbCl; 13.3 95.8 105.8
CsCls 13.1 91.6 108.9
LiBr; 14.3 127.6 101.8
NaBr; 15.3 109.1 87.9
KBr; 17.5 95.7 95.0
RbBr; 17.9 91.3 95.3
CsBr; 18.0 87.3 98.6
Lils 15.0 120.7 88.4
Nals 15.2 104.0 76.3
KI; 17.3 90.5 83.2
Rbl; 17.5 86.0 83.4
Csls 18.1 82.2 87.0
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A note on the numbers in the last two columns: the energetics is a reflection of the
differences in the ionization potentials of the metal atoms (falling from 5.5 eV for Li to
3.9 eV for Cs), and the vertical electron affinities of the neutral X3 species. The latter are
remarkably high, 4-5 eV. For the MX3 — MX + X, dissociation, an increasing trend for
Dy can be noticed from LiX3 to CsX3 (X = Cl, Br, or I). This is consistent with the
increasing trend for Dy in the fluoride MF; — MF + F> (M = Na, K, Rb, and Cs) series
reported by Tozer and Sosa'*. In addition, previous experiments determined the bond
strengths (X3~ — X, + X") of the isolated Cl3~, Brs™, and I3~ to be about 24, 30, and 30
kcal mol™! in the gas phase, respectively.'?* 12> Those values are about the twice the Dy
values computed here for the MX3 — MX + X dissociations. This is additional evidence
that presence of an alkali metal cation weakens the X-X covalent band of X3, favoring
localization of more electron density on a terminal X atom. For the MX3 — M" + X3~
dissociation, a decreasing trend in Dy can be found from LiX3 to CsX3 (X = Cl, Br, or I).
This indicates that the distortion of X3~ by M" decreases with increasing cation size,
caused by the increasing distance between M" and X~ as well as the decreasing M-X
orbital overlap from LiX3 to CsX3. This agrees well with the structural trend for
increasingly balanced X1-X2 and X2-X3 bond lengths (Figure 4.3 and Table 4.2) moving

from LiX3 to CsXs.

4.5 Conclusions
The alkali metal trihalides MX3 (M = Li, Na, K, Rb, Cs; and X = Cl, Br, I) are
systematically studied here using coupled-cluster methods with the weighted core-

valence correlation consistent basis sets (new basis sets for K, Rb, and Cs). Benchmarks
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comparing the CCSD(T) method against experimental results show satisfactory
performance for the new basis sets in predicting reliable structures and harmonic
vibrational frequencies for the relevant diatomic species MX and X>. An isomer search
using the B3LYP functional confirms a planar asymmetric T-shaped structure as the
global minimum for all MX3 species.

The CCSD(T) computations suggest a strong distortion of the X3 anions by the alkali
metal countercations M", in the equilibrium geometries, vibrational spectra, bonding, and
thermochemistry. For the vibrational modes, the well-established antisymmetric and
symmetric stretches of the “free” X3~ anions are not retained in any MX3 species. Instead,
localized and mutually-perturbed X-X and M-X stretches are involved. For the
vibrational frequencies, a comparison of our theoretical MX3 harmonic vibrational
frequencies with the experimental fundamentals yields generally better agreement than
the previous comparison using the “free” X3~ anions. In a bonding analysis, the NBO and
QTAIM results show low natural bond orders and electron densities at the bond critical
points between MX and X», respectively. In the thermochemistry, the MX3 — MX + X,
dissociation pathway has a much smaller endothermicity than the MX3 — M" + X3~ (or
MX3 — M + X3) pathway. All above results lead us to suggest that the MX3 system might
alternatively be described as an MX-X, complex, rather than the M X3 ion pair proposed
in previous studies. !’

Our conclusions are likely applicable only to the MX3 systems in the gas phase, in
inert matrices (argon and neon), or in non-polar solvents if possible, as no strong
solvation would be expected. Strong solvation of M" and X3~ ions in polar solvents (H2O,

for instance) could make the M"X3™ ion pair an appropriate description for the MXs
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systems. Such solvation phenomena on the molecular and electronic structure of X3~ are
known as a crucial part of understanding their electrochemistry in electrolytic media, '*®
1%9 a subject beyond present study.

The two perspectives on MX3 molecules — strong complexation of trihalide anions by
metal cations, and strong interaction of polar MX molecules with dihalogens -- are
complementary to each other, each with its own advantages and consequences. We think
the chemistry of these remarkable molecules will benefit from keeping both pictures of

the bonding in them in view.
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CHAPTER 5

Alkali Metal Trifluorides: MF3”

*Sun, Z. and Schaefer, H. F., Phys. Chem. Chem. Phys. 2018, 20, 18986. Reprinted here with
permission of the PCCP Owner Societies.
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5.1 Abstract

Many experimental studies have been reported on the alkali metal trifluorides MF; (M =
Li, Na, K, Rb, and Cs), and several controversies remain. In the present research, we
systematically study the MF3 systems using both coupled-cluster and multireference
methods. New predictions and explanations are provided for some known experimental
and theoretical challenges, including identification of the true MF3; minima and global
minima, the unclear existence of light alkali metal trifluorides MF3 (M = Li and Na), and
assignment of the F-F-F symmetric stretch frequencies for the heavier alkali metal
trifluorides MF3 (M = K, Rb, and Cs). With several new structures located, we predict a
preference of Cs minima for MF3 (M = Li and Na) and C>y minima for MF; (M = K, Rb,
and Cs). For the species where multiple minima were located, near degeneracies of those
minima can be found in most cases. The endothermicities (~3 - 4 kcal/mol) for the
favored MF; — MF + F» fragmentations suggest that MF3 (M = Li and Na) are weakly
bonded complexes. The existence of those species at low temperatures cannot be ruled
out, and vibrational frequencies are reported to guide future experiments. Most
importantly, significant differences between the coupled-cluster and multireference
results were found in predicting the F-F-F symmetric stretch frequencies (vs) of the Cay
MF3; (M = K, Rb, and Cs) structures, although both methods show good performance in
predicting most structures and antisymmetric stretch frequencies (vas). The coupled-
cluster [CCSD(T), CCSDT, and CCSDT(Q)] results agree with the recent experimental
assignment of Redeker, Beckers, and Riedel [389 cm™!, RSC Adv. 2015, 5, 106568] to the
vs fundamental of CsF3. In contrast, the multireference (CASPT2, CASPT3, and

MRCISD+Q) results support the original experimental assignment of Ault and Andrews
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[461 cm’!, J. Am. Chem. Soc. 1976, 98, 1591; Inorg. Chem. 1977, 16, 2024]. The F-F-F
symmetric stretch frequencies for the MF3; molecules (M = K, Rb, and Cs) continue to

provide a great challenge to theory and experiment.

5.2 Introduction

The trifluoride anion F3™ is a highly challenging system for theoretical studies. Single-
reference methods including DFT,!3* 190192 MPy (n = 2, 3, or 4),13% 142 1 configuration
interaction (CI),"** *? and coupled-cluster (CC)'** '°! produce largely inconsistent results
for the structure, binding energy, and vibrational frequencies of F3~. Only the CI and CC
methods including triple excitations [CCSD(T) and QCISD(T)] exhibit some reliability in
achieving agreement with the experiments. Artificial symmetry-breaking issues (Doh —
Cxv) appear in multireference treatments (MCSCF, for instance) with certain active
spaces [(30,4¢) and (90,14¢)].!* Theoretical results are also sensitive to the selection of
active space, basis sets, and dynamic correlation.'# 1%

The challenges associated with F3~ stem from its special bonding character. In
addition to the two main Lewis structure contributors (Types I and II in Figure 5.1),
another three-electron bonding type (Type III) contributes significantly to the F3~
electronic structure, according to the 2004 valence bond (VB) study of Braida and
Hiberty.!3” This special bonding character provides an explanation for its multireference
and symmetry-breaking challenges in the theoretical studies mentioned above, as well as
the peculiar preference of its energetically unfavorable dissociation channel into F>™ + Fe

at high collision energies, instead of F, + F.13?
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F:F F~ F~ F:F F* F~ F°
(1) (ID) (1)

Figure 5.1: Valence-bond structures most often proposed for F3™.

= F—=F F—F——F
L4
M

M
Asymmetric (Cy) Symmetric (Cs,) T-shape

Figure 5.2: Two isomers of MF3 (M = Li, Na, K, Rb, and Cs) reported in the literature.

Significant challenges remain for theoretical studies of the interactions between F3~
and the alkali metal cations (M*, M = Li, Na, K, Rb, and Cs). One major difficulty is to
identify the true minima of the MF3 species. Specifically, inconsistent results were
reported in previous attempts to determine which structure [asymmetric (Cs) or
symmetric (Cay) T-shape] in Figure 5.2 is the true minimum. The existing theoretical

results exhibit strong method-dependence.!*+14% 1%° This

is very different from the MX3
case when the halide X is chlorine, bromine, or iodine. The MX3 structures of the higher
halides consistently favor the asymmetric (Cs) structure to be minimum, as suggested by
the experiments of Ault and Andrews!'® and our recent theoretical study.'**

An early systematic study by Tozer and Sosa!** found that Hartree-Fock, MP2,

QCISD, BLYP, and B3LYP give inconsistent results in their predictions of the MF3
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structures. Only the B3LYP functional reasonably predicts the metal-dependent minima
(Cs NaF3; Cov KF3, RbF3, and CsF3, see Figure 5.2) align with the results inferred from
the IR/Raman spectra by Ault and Andrews.'*” 148 The C,y minima for KF3 and CsF3
were recently (2015) predicted at the CCSD(T)/def2-QZVPP level of theory by Andrews,
Riedel and coworkers.!*® The Cs symmetry KF; and CsF3 structures were not reported
there because the C; structures (see Figure 5.2) were selected as the initial geometries for
optimization which lead to the C>y minima. In contrast, in the same year (2015),
Hoffmann and coworkers located the Cs CsF3 structure as a minimum with the
PBEO/TZVP/ZORA method, whereas the C», CsF3 structure was found to be a transition
state connecting the two equivalent Cs; CsF3 structures with a small barrier of ~1
kcal/mol.'”> Another paper, published in 2015 by Getmanskii and coworkers, mainly
focuses on MF3 with light alkali metals (M = Li, Na, and K).!* Apparently Getmanskii
disagrees with the B3LYP results from Tozer and Sosa,'* because both Cs and C>y NaF3
isomers were predicted by Getmanskii and coworkers to be minima at the CCSD(T)/6-
311+G(3df) level of theory, with the C,y NaF3 structure lying slightly higher (~0.2
kcal/mol, ZPVE corrected).

Another challenge for theoretical studies is to examine the experimental vibrational
spectra of the MF3 systems. The four papers concerning the MF3 vibrational frequencies
in inert matrices by the groups of Andrews, Beckers, Riedel, and coworkers are
particularly important.'46-148 193 According to the early experiments by Andrews and

147. 148 only large alkali metals cations (K*, Rb*, and Cs") can effectively form

coworkers,
stable MF3~ “ion pairs” via the reaction MF + F». Vibrational frequency analyses exhibit

two mutually exclusive IR and Raman bands which were proposed to be the
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antisymmetric and symmetric stretches of the F3~ moiety in MF3, respectively. These
vibrational frequencies are remarkably insensitive (different by ~1 cm™) to the metal
identity (K, Rb, and Cs), indicating nearly pure fluorine vibrations not involving the
metal very much. The structures of MF3 (M = K, Rb, and Cs) were therefore proposed to
be “T-shaped” with nearly linear and centrosymmetric (Dwn) F3~ units centered over the
M cation (see Cay structure in Figure 5.2).

For the vibrational frequencies, the IR bands (~550 cm™ in argon,'#’> 148 193

3 3 3

krypton,'”* and nitrogen,!® or ~561 cm™ in neon,'”® metal-insensitive) have been
assigned to the antisymmetric stretch (vas) of the F3~ unit in MF; (M = K, Rb, and Cs),
from the experiments of Andrews, Riedel, and coworkers. 6143193 This assignment has
been recently supported by the computations of Andrews, Beckers, and coworkers using
the CCSD(T) method (def2-TZVPP: 552 cm™!; def2-QZVPP: 568 cm™!, with anharmonic
correction).!*® However, the symmetric stretch frequency (vs) of F3~ in CsF3 is somewhat
puzzling. A large deviation [theoretical: 388 cm™! at the CCSD(T)/def2-QZVPP level of
theory with anharmonic correction; !¢ experimental: 461 cm™ in argon!*” 1*¥] was found.
In the early experiments of Andrews and coworkers,'*” 1*® two Raman bands (389 and
461 cm') were reported. Upon diffusion (15 K — 40 K — 15 K), the 389 cm™! Raman
band decreased in intensity markedly, while the 461 cm™ band remains intense. The
former was then assigned to a short-lived unstable species, while the latter was connected
to the 550 cm™ IR band which also survives the diffusion procedure. As a result, the 461

and 550 cm™! bands were assigned together to the symmetric and antisymmetric stretches

of the F3~ moiety in CsF3, respectively.
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However, a 2015 paper by Riedel and coworkers'®® provided a different interpretation

and suggested that the 389 cm™! band in Andrews’s experiment!'4’- 148

should be assigned
to the symmetric stretch vs. Therein Riedel’s logic is that, except for the 550 cm™ v,s band,
a new IR band was located at ~920 cm™ (argon: 923 cm’'; krypton: 919 cm™) and
assigned to a possible combination band of vas and vs (vas + vs = 550 + 389 = 939 cm™!) in
the CsF3 IR spectra. This new combination band vanished simultaneously with the 550
cm’! vys band upon irradiation (A = 266 nm), suggesting the two might belong to the same
species. If this is true, the previously computed vs at the 388 cm™ at the CCSD(T)/def2-
QZVPP level of theory'*® agrees well with these experiments.!*” 4% 19 However, the
sustained and relatively intense 461 cm™! Raman band!” '*® becomes puzzling if the 389
cm! is the final answer for the fundamental vs.

Last but not least, previous experiments suggest that the M'F3~ “ion pair” with the
light alkali metals (Li and Na) cannot be effectively produced through the MF + F»
reaction. 46148 193 However, the 2015 theoretical paper by Getmanskii and coworkers
located both the Cs and C>y minima (see Figure 5.2) for LiF3 and NaF3 at the CCSD(T)/6-
311+G(3df) level of theory.'* The IR studies of the MF + F» experiments clearly do not
support the formation of LiF3 and NaF3 in C»y symmetry, under the stated experimental
conditions.!*® 19 However, consistent with the B3LYP results by Tozer and Sosa,'** the
CCSD(T)/6-311+G(3df) results suggest possible Cs minima. This might be theoretical
evidence for the Na*F---F» complex proposed by Ault and Andrews.'*3

In light of the challenges mentioned above, new theoretical research with rigorous

computations are called for. The present study systematically investigates the MF3 (M =
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Li, Na, K, Rb, and Cs) molecular systems and makes comparison with previous

theoretical and experimental research to help characterize those species.

5.3 Computational Methods
Our initial coupled-cluster” > [CCSD(T), with restricted (RHF) and unrestricted (UHF)
Hartree-Fock references for involved closed-shell and open-shell species, respectively]
computations were performed using CFOUR 2.0,°” with the set of weighted core-valence
basis sets noted below:
Li, Na: cc-pwCVTZ!>?
K, Rb, Cs: cc-pwCVTZ-PP!>?
F: aug-cc-pwCVTZ!>
All electrons are correlated in our CCSD(T) computations except when the
Koln/Stuttgart effective core potentials (ECPs, K: ECP10MDF; Rb: ECP28MDF; Cs:
ECP46MDF)"*7 are used to describe the inner cores of K (1s2s*2pf), Rb
(1s22s22p%3s?3p©3d'?), and Cs (1s5*2s*2p®3s?3p°4s23d!%4p%4d!®) elements. To make this
discussion succinct, we will refer to the coupled-cluster method with the mixture of these
basis sets simply as CCSD(T)/AWCVTZ. For the CCSD(T) computations, stringent
criteria were set for the SCF densities (107!?), CC amplitudes (10), and RMS forces (107
Hartree/Bohr). The anharmonic frequencies are obtained using second-order vibrational
perturbation theory (VPT2).?
As this investigation unfolded, far more sophisticated coupled cluster methods were
adopted. Specifically, structures and vibrational frequencies were predicted with the full

triples (CCSDT) and perturbative quadruples [CCSDT(Q)] methods.
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Multireference (MR) computations were performed using MOLPRO 2010.1,%* % with
the CCSD(T)/AWCVTZ-optimized geometries as starting points. A relatively large
(16e,100) active space (including F: 2p, Li: 2s, Na: 3s, K: 4s, Rb: 5s, and Cs: 6s) was first
selected for the complete active space self-consistent field (CASSCF) single-point
computations. Only the species with leading configuration lower than 90% (all Cay

structures, see supporting information, SI) were further treated with multireference

d16, 196 7

configuration interaction metho with the Davidson correction,!”’ abbreviated as
MRCISD+Q. Only the orbitals with occupation number (from CASSCF) in the range of
0.02-1.98 were selected to construct a new active space for the MRCISD+Q optimization
and frequency computations. Such an orbital selection strategy generates a consistent

active space (4e,30) and orbital set (one ¢ bonding, one nonbonding, and one c*

antibonding, Figure 5.3) for all five Cyy structures for MF3 (M = Li, Na, K, Rb, and Cs).

09, V20 ¥

bonding orbital (o) nonbonding orbital (n) antibonding orbital (c*)
LiF;: 1.96 LiF;: 1.57 LiF;: 0.46
NaF;: 1.96 NaFj: 1.72 NaFj: 0.32
KF;: 1.96 KF;: 1.72 KF;: 0.32
RbFj: 1.95 RbF;: 1.76 RbFj;: 0.29
CsF;: 1.95 CsFy: 1.77 CsF;: 0.28

Figure 5.3: Orbitals (illustrated for LiF3) included in the MRCISD+Q(4e,30)/AVTZ
computations for Coy MF3 (M = Li, Na, K, Rb, and Cs) with natural orbital occupation
numbers (in brackets) obtained at the CASSCF(16e,100)/AVTZ level of theory.
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The MRCISD+Q(4¢,30) computations were performed following the CASSCF(4e,30)
computations. For all MR computations, the SCF energies and densities were both
converged to 1071°, and the RMS forces were converged to 10" Hartree/Bohr. The valence
basis sets for the MR computations are listed below.

Li, Na: cc-pVTZ!
K, Rb, Cs: cc-pVTZ-PP!*?
F: aug-cc-pVTZ>

We will refer to this multireference method with these mixed basis sets as
MRCISD+Q(4e,30)/AVTZ for simplicity. For comparison purposes, additional MR
computations were performed using second-order multireference perturbation theory
(CASPT2)'%% 1 based on the same active space used for the MRCISD+Q computations,
and abbreviated as CASPT2(4e,30)/AVTZ. The CASPT?2 results generally align with the
MRCISD+Q results and therefore are only provided in the SI. Moreover, additional
coupled-cluster [CCSDT and CCSDT(Q)] and third-order multireference perturbation
theory (CASPT3) optimization and frequency were computed for CsF3, which will be

discussed later.

5.4 Results and Discussion

5.4.1 Performance of the selected theoretical methods

The accuracy of the selected coupled-cluster method [CCSD(T)/AWCVTZ] will be
assessed first. Relevant diatomic species MF (M = Li, Na, K, Rb, and Cs) and F» are
chosen as a test set because the experimental information on the tetra-atomic MF3 species

is limited, especially for their structures. Gas phase experimental equilibrium bond
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distances and harmonic vibrational frequencies are obtained from the compilation of
Huber and Herzberg.?*’ The benchmark results are listed in Table 5.1.

For the equilibrium bond lengths, mean absolute errors (MAE) and mean absolute
percent errors (MAPE) were computed to be 0.012 A and 0.6%, respectively. Small
positive deviations from the experimental distances can be found for each species, with
an increasing trend from LiF to CsF (0.3% to 1.1%). The deviation for F> is small, 0.005
A and 0.4%. For the harmonic vibrational frequencies, the MAPE was computed to be
1.0%. In contrast to the bond lengths, negative deviations from the experimental
harmonic vibrational frequencies can be noticed for all diatomics MF, with an increasing
trend from LiF to CsF (0.5% to 2.3%). Again, the deviation for F, is small, 1 cm™ and

0.1%.

Table 5.1: Benchmark of the CCSD(T)/AWCVTZ equilibrium bond lengths (in A) and
harmonic vibrational frequencies (in cm™) of MF and F2» (M = Li, Na, K, Rb, and Cs)
molecules, against experimental values compiled by Huber and Herzberg (Ref. 200).

Equilibrium Bond Lengths Harmonic Vibrational Frequencies

Species Computed Experiment Deviation PErr;e)?t Computed Experiment PErr;e)?t
LiF 1.569 1.564 0.005 0.3% 905 910 0.5%
NaF 1.934 1.926 0.008 0.4% 531 536 0.9%
KF 2.183 2.172 0.011 0.5% 424 428 0.9%
RbF 2.286 2.270 0.016 0.7% 372 376 1.1%
CsF 2.371 2.345 0.026 1.1% 345 353 2.3%
F, 1.417 1.412 0.005 0.4% 918 917 0.1%
Mean: 0.012 0.6% Mean: 1.0%
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Table 5.2: Endothermicities (Do) of two F3~ dissociation channels at the
CCSD(T)/AWCVTZ level of theory.

Theory (present work) Experiment (ref. 13
Do (F35~ > F,+F) 22.7 kecal/mol 1.02 £ 0.11 eV (~23.5 kcal/mol)
Do (F5~ > F+Fy) 31.3 kcal/mol 1.30 £ 0.13 eV (~30.0 kcal/mol)

The dissociation energies (Do) of the two F3™ dissociation channels are reported in
Table 5.2, with the experimental values obtained from the Wenthold collision-induced
dissociation experiments for comparison.'** The Dy values for the F3~ — F» + F~ and F3~
— F + F>™ dissociation channels are predicted to be 22.7 and 31.3 kcal/mol, respectively.
These values deviate from experiment by ~1 kcal/mol.

The initially chosen coupled-cluster method [CCSD(T)/AWCVTZ] predicts reliable
structures, harmonic frequencies, and endothermicities for the selected test set. It is then
expected to achieve satisfactory accuracy for the MF; systems and reasonably assess
previous theoretical and experimental research. For those structures with strong
multireference issues, MR methods (MRCISD+Q, CASPT2, CASPT3) will be applied

and compared with the CCSD(T) results.

5.4.2 Light alkali metal trifluorides: LiF3 and NaF3

The results for light alkali metal trifluorides (LiF3 and NaF3) at the CCSD(T)/AWCVTZ
and MRCISD+Q(4¢,30)/AVTZ levels of theory are shown in Figures 5.4. As discussed in
the Introduction, one major challenge for previous theoretical studies of MF; is to
determine which structure (Cs or Czy) in Figure 5.2 is the true minimum (or global

minimum). This will be the focus of the following discussion.

110



As shown in Figure 5.4, C; structures are found to be minima for both LiF3 and NakF3,
while the C»y structures correspond to transition states connecting two equivalent Cs
structures. Interestingly, we located two different Cs NaF3; minima (loose- and tight-type).
Like the case of Cs LiF3, distinct F-F bond distances are noticed in the loose-type Cs NaF3
corresponding to a NaF-F> complex. This has not been reported before, and particularly,
it is almost degenerate (see relative energies in Figure 5.4) with the tight-type Cs NaF3
possessing closely balanced F-F bond distances. The tight-type Cs NaFz has been
previously reported using B3LYP!** or CCSD(T)'* methods. Although the NaF;
structures are similar to those reported by Getmanskii and coworkers,'* our
CCSD(T)/AWCVTZ results are different from their CCSD(T)/6-311+G(3df) results,
predicting both Cs and Cyy structures of LiF3 and NaF; to be minima. This substantial
inconsistency suggests that coupled-cluster results might be sensitive to the basis sets
and/or dynamic correlation (frozen core) strategies selected for this specific system. The
present CCSD(T)/AWCVTZ results for NaF; agree with Tozer and Sosa’s results, which
predict the Cs (both loose- and tight-type, Figure 5.4) and C>y NaF3 to be two minima and
a transition state, respectively, with an energy gap being 1 kcal/mol (our value: 0.6
kcal/mol) between the two.!** Unfortunately, no B3LYP results for LiF3 were reported in
the study by Tozer and Sosa. The splitting between the Cs and C»y LiF3 structures is 8.3
kcal/mol at the CCSD(T)/AWCVTZ level of theory in the present work. In addition, our

attempt to locate a tight-type Cs LiF3 structure simply leads to the Cay structure.
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(0.0 kcal/mol, minimum) (0.0 kcal/mol, minimum) (0.6 Kcal/mol, transition state)

Figure 5.4: Optimized structures and relative energies (ZPVE corrected) of the LiF3; and
NaF3 stationary points at the CCSD(T)/AWCVTZ and MRCISD+Q(4e,30)/AVTZ (in
parentheses) levels of theory.

Unlike the C; structures in Figure 5.4, the C»y LiF3; and NaF3 are not “well-behaved”
electronically with leading configurations falling below 90% (LiF3: 76% and NaF3: 83%,
see SI for details) at the CASSCF(16e,100)/AVTZ level of theory. The
MRCISD+Q(4e,30)/AVTZ optimization and frequency computations confirm the
transition state nature of the C»y LiF3 and NaF3; geometries. Structural changes from the
CCSD(T) to the MRCISD+Q method are not significant, as shown in Figure 5.4. The
imaginary vibrational frequencies for Coy LiF3 and NaF; are 146i and 137 (32i cm™ using
the AWCVQZ basis set) cm™! at the CCSD(T)/AWCVTZ level of theory, respectively.
The corresponding MRCISD+Q(4e,30)/AVTZ imaginary frequencies are 355i and 88i

cm’!, respectively, and the imaginary vibrational modes align with the CCSD(T) results.
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Consistent with the IR/Raman experiments by Andrews, Riedel, and coworkers, !46-14%:

193 our theoretical results do not support the formation of the symmetric T-shaped (Cav)
minima LiF3 and NaF3, which are actually transition states shown in Figure 5.4, through
the MF + F, reactions. That is, no well-defined F3~ and its characteristic vibrations (vas
and vs) can be identified. However, are the three Cs minima in Figure 5.4 stable enough to
be detected by experiments? The endothermicities in Table 5.3 show that neutral
dissociation of MF3 into MF and F is apparently favored over the ionic fragmentation
(M" + F37) due to the strong electrostatics between ions. The Dy values (~3-6 kcal/mol)
for MF3; — MF + F» dissociation suggest that the MF; species are weakly bonded
complexes. However, this does not entirely rule out their possible existence under low
temperature (~15 K) experimental conditions by Andrews, Riedel, and coworkers. !46-14%
193 Unfortunately, no well-characterized LiFs (LiF + F2) experimental vibrational spectra
have been reported so far. Our harmonic vibrational frequencies for the Cs LiF3 complex
(Figure 5.4) are thus reported in Table 5.4 as genuine predictions, with the two highest
frequencies (882 and 839 cm™!) being perturbed Li-F and F-F bond stretches. The NaF3
vibrational spectra have been reported by Ault and Andrews.'*® New infrared bands 455
and 460 cm! (a splitting) after the NaF + F» reaction were assigned to a NaF-F» complex,
in which no F3™ was formed. This seems to be consistent with our theoretical predictions.
The harmonic frequencies 481 (tight-type NaF3) and 497 (loose-type NaF3) cm™! in Table
5.4 are possible candidates, both of which correspond to Na-F bond stretches perturbed
by the F2 moiety (experimental harmonic frequency?” for free NaF: 536 cm™). Because
the two types of Cs NaF3 structure are nearly degenerate (Figure 5.4), this might be an

explanation for the small splitting of the infrared bands (455 and 460 cm™!).!*8
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Table 5.3: Endothermicities (Do, kcal/mol) of the dissociation processes for MF3 (M = Li,
Na, K, Rb, and Cs) minima at the AE-CCSD(T)/AWCVTZ level of theory.

Dy (MF; — MF + F») Dy (MF; —» M" + F3")

LiF3 (Cy) 2.7 162.9

NaF; (Cs, loose-type) 4.2 134.5
NaF; (G, tight-type) 4.1 134.5
KF; (Cw) 5.9 121.4

RbF; (Cay) 5.9 117.4
CsF; (Co) 4.0 113.1

CsF; (G) 3.8 112.9

Table 5.4: Harmonic vibrational frequencies (cm™') and infrared intensities (km/mol, in
parentheses) for the LiF3 and NaF3; minima at the CCSD(T)/AWCVTZ level of theory.

LiF; (Cy) NaF; (C,, tight-type) NaF; (Cs, loose-type)
wi (a') 882 (136) 481 (329) 617 (246)

ws (a') 839 (13) 424 (101) 497 (54)

ws (a') 224 (78) 350 (19) 238 (17)

ws (@) 126 (7) 268 (327) 118 (170)

ws (a') 70 (80) 78 (14) 56 (49)

ws (a") 110 (23) 233 (2) 186 (4)

5.4.3 Heavy alkali metal trifluorides: KF3, RbF3, and CsF3
Unlike LiF3; and NaF3, the heavier alkali metal trifluorides (KF3, RbF3, and CsF3) “MF3~
ion pairs” can be effectively generated, and their vibrational spectra have been studied in

detail,'4¢14% 193 a5 mentioned above. The results for the KF3, RbF3, and CsF3 minima at
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the CCSD(T)/AWCVTZ and MRCISD+Q(4e,30)/AVTZ level of theory are shown in

Figure 5.5.

1.752 1.750

ZF-F-F = 159° (158°) ZF-F-F = 161° (160°)

KF; (Cyy, 'Ay) RDbF; (Cyy, "Ap)
(minimum) (minimum)
1.748

(1.727) 2.247

2.409 i
(2.885) "o, .

~F<F-F =163° (163°) ~F-F-F = 174°
CsF3 (Cyy, 'Ay) CsF; (C,, 'AY)
(0.0 kcal/mol, minimum) (0.2 kcal/mol, minimum)

Figure 5.5: Optimized structures and relative energies (ZPVE corrected) of the KF3, RbF3,
and CsF; minima at the CCSD(T)/AWCVTZ and MRCISD+Q(4e,30)/AVTZ (in
parentheses) level of theory.

Consistent with previous experiments and computations, 4148 193 the symmetric T-
shaped (C2v) KF3, RbF3, and CsF3 minima are located. The F3™ moiety is slightly bent by
~20 degrees, and the bond distances are close to those reported in earlier studies using
CCSD(T) methods.'* 1% Attempts to locate the Cs structures lead to the Cay structures,

consistent with previous computations by Andrews, Riedel, and coworkers.!*¢ A major
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difference, however, is a second Cs minimum (nearly degenerate with the C»y structure,
AE = 0.2 kcal/mol, Figure 5.5) was found for CsFs. Similar to the loose-type LiF3 and
NaF3 (Figure 5.4), this new CsF3 Cs minimum corresponds to a CsF-F» complex with two
distinct F-F bond distances (2.247 vs. 1.455 A, Figure 5.5), but it is different from the Cs
CsF3 minimum located with the PBEO/TZVP/ZORA method by Hoffmann and
coworkers.!”> The latter possesses more nearly equal F-F bond distances (1.95 vs. 1.52
A)'? than the former. This inconsistency shows a sensitivity to the selected theoretical
methods, although no significant multireference issues were found for either Cs CsF3
structure.

Similar to the C>y symmetry LiF3 and NaF; structures, all heavy alkali metal
trifluorides in C>y symmetry are not “well-behaved” electronically. The C>y KF3, RbF3,
and CsF3; molecules have leading configurations with weights of 83%, 85%, and 85%,
respectively, at the CASSCF(16e,100/AVTZ level of theory. The
MRCISD+Q(4e,30)/AVTZ optimizations and frequency computations confirm the
minimum nature of the three C»y species. As shown in Figure 5.5, the MRCISD+Q results
basically align with the CCSD(T) geometries. Only small decreases in bond distances and
angles can be found in going from the CCSD(T) to the MRCISD+Q method.

For the vibrational frequencies, typical F-F-F antisymmetric and symmetric stretch
frequencies of free F3~ and MF3 (M = K, Rb, and Cs) are reported, together with the
available experimental IR/Raman bands for comparison. The CCSD(T) and MRCISD+Q
results are reported in Tables 5.5 and 5.6, respectively. For F3, both antisymmetric and
symmetric stretch frequencies using CCSD(T)/AWCVTZ are close to the experimental

results from Riedel, Andrews, and coworkers. 46 191> 193
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Table 5.5: Theoretical and experimental vibrational frequencies (cm™) of F3~ and MF3 (M
=K, Rb, and Cs) molecules at the CCSD(T)/AWCVTZ level of theory.?

F-F-F antisymmetric stretch (vas) F-F-F symmetric stretch (vs)
theory theory expt expt theory theory expt expt
(harm) (anharm) (Ar) (Ne) (harm)  (anharm) (Ar) (Kr)
F3™ (Deon) 545 520 511° 525° 399 388 396 £ 5¢ 394 + 5¢
KF; (Cav) 581 562 5504 561°¢ 405 397 - -
RbF3 (Cay) 583 569 550F 561°¢ 398 390 (460/390)= -
CsF3 (Co) 587 565 550n 561°¢ 396 384 (461/389)¢ 388 +5¢

@ Anharmonic vibrational frequencies are obtained from the VPT2 computations. ® Ref. 146, 191, 193. © Ref.
193. 9 Ref. 146-148. ¢ Ref. 146, 193. f Ref. 147, 148, 193. € Both 461 and 390 cm™' Raman bands were
observed in Ref. 147, 148. " Ref. 146-148, 193.

Table 5.6: Theoretical and experimental vibrational frequencies (cm™') of F3~ and MF3 (M
=K, Rb, and Cs) molecules at the MRCISD+Q(4e,30)/AVTZ level of theory.?

F-F-F antisymmetric stretch (vas) F-F-F symmetric stretch (vs)
theory expt expt theory expt expt
(harm) (Ar) (Ne) (harm) (Ar) (Kr)
F3™ (Doch) 528 511° 525° 417 396 +5¢ 394 £ 5¢
KF;3 (Cay) 602 5504 561°¢ 488 - -
RbF3 (Cav) 590 550f 561¢ 481 (460/390)¢ -
CsF; (Cav) 588 5500 561°¢ 478 (461/389)¢ 388 £5¢

@ Anharmonic vibrational frequencies are obtained from the VPT2 computations. ® Ref. 146, 191, 193. ¢ Ref.
193. 9 Ref. 146-148. ¢ Ref. 146, 193. f Ref. 147, 148, 193. € Both 461 and 390 cm™' Raman bands were
observed in Ref. 147, 148. " Ref. 146-148, 193.

For the antisymmetric stretch frequencies (vas) of MFz (M = K, Rb, and Cs),
CCSD(T) and MRCISD+Q, the harmonic frequencies basically align with each other,
with the MRCISD+Q frequencies (Table 5.6) slightly higher than the former (Table 5.5).
After the VPT2 anharmonic corrections, the CCSD(T) fundamental frequencies (vas) are

close to the experimental frequencies obtained in argon and neon matrices. Like the case
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of F37, the CCSD(T) fundamental frequencies (vas) are somewhat closer to the
experimental frequencies in neon than to those measured in argon matrices.

For the symmetric stretch frequencies (vs) of MF; (M = K, Rb, and Cs), however,
some substantial differences can be found between CCSD(T) and MRCISD+Q results.
The CCSD(T) harmonic frequencies (Table 5.5) are ~400 cm™ and decrease to ~390 cm’!
with VPT2 anharmonic corrections. Significantly, the MRCISD+Q harmonic frequencies
(~480 cm™!, Table 5.6) are much higher than the CCSD(T) values (by ~80 cm™') for all
three Cov MF3 (M = K, Rb, and Cs) species. Such large deviations of CCSD(T) from
MRCISD+Q might be attributed to the lack of multireference treatment of the former,
even though CCSD(T) shows a good performance in predicting the structures and

147, 148 and

antisymmetric stretch frequencies (vas). According to previous experiments
present theoretical results (Tables 5.5 and 5.6), RbF3 and CsF3 exhibit similar vibrational
bands, so we will focus on the discussion of CsF3 here. The frequencies 461/389 cm™ in
Tables 5.5 and 5.6 correspond to the two Raman bands in the Ault and Andrews CsF + F»
— CsF3 experiments. 47 148

As discussed in the introduction, the 461 cm™ band was suggested to be the true
symmetric stretch frequencies (vs) because of the disappearance of the 389 cm™ band
upon diffusion (15 K — 40 K — 15 K). In contrast, the 2015 paper by Riedel and
coworkers'?? assigned the 389 cm! band as vs due to the identification of a possible vas +
vs combination band (923 cm™! in argon and 919 cm™! in krypton) and its simultaneous
disappearance with the 550 cm™ vy band upon irradiation (A = 266 nm). Which one, 461

or 389 cm’!, is the true symmetric F-F-F stretch frequency in the CsF; vibrational

spectra? Our CCSD(T)/AWCVTZ results for vs (harmonic: 396 cm™! & anharmonic: 384
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d,'47 48 consistent with the

cm’!, Table 5.5) agree well with the 389 cm™' Raman ban
CCSD(T)/def2-QZVPP value (vs = 388 cm™!, anharmonic) in the 2015 paper by Andrews,
Riedel, and coworkers.!*® However, our MRCISD+Q(4e,30)/AVTZ result for vs is 478
cm (harmonic, Table 5.6). This harmonic frequency is expected to be further lowered
and getting close to the 461 cm! Raman band, if the anharmonic correction can be
included. Thus, the MRCISD+Q(4¢,30)/AVTZ result supports the 461 cm™ band as the
F-F-F symmetric stretch frequencies, rather than the 389 cm™ band which appears
simultaneously with the former in the Ault and Andrews Raman spectra.!47 148

To further examine the symmetric stretch frequency (vs), several additional coupled-
cluster and multireference computations were performed for CsF3, and the results are
listed in Table 5.7. Although with small deviations, all coupled-cluster [CCSD(T),
CCSDT, and CCSDT(Q)] results support Riedel’s recent assignment (389 cm™)!** for the
vs of CsF3. On the contrary, the multireference (CASPT2, CASPT3, and MRCISD+Q)
results predict higher vs frequencies which support the original assignment of vs (461 cm™)
by Ault and Andrews.'*” *® In general, the multireference methods tend to predict
slightly smaller F-F (but longer Cs-F bond distances) than those from coupled-cluster
methods. However, the difference is not substantial. Specifically, the differences in bond

distances between CCSDT(Q) and MRCISD+Q(4e,30) are ~0.03 and ~0.01 A for the F-F

and Cs-F distances, respectively, while the difference in the F-F-F angle is only 1 degree.
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Table 5.7: The structures and harmonic F-F-F symmetric stretch frequencies (os, cm™) of
the Coy CsF; at higher levels of theory.

Theoretical level?® D(F-F)° D(Cs-F)° £(F-F-F) os (F-F-F)
CCSD(T)/AVTZ 1.747 2.572 162 398
CCSDT/AVTZ 1.741 2.574 162 415
CCSDT(Q)AVTZ 1.759 2.573 162 385
CASPT2(4¢e,30)/AVTZ 1.746 2.574 162 526
CASPT3(4¢e,30)/AVTZ 1.713 2.586 163 515
MRCISD+Q(4¢,30)/AVTZ 1.727 2.581 163 478

@ Both optimization and frequencies were performed at each level of theory. ® Distance (D) in Angstroms. °
Angles (£) in degrees.

Table 5.8: Vibrational frequencies (cm™) of the Coy and Cs CsF3 minima.

CsF3 (Cw)? description® CsF; (Cy)° description®
w1 (ar) 478 vs(F3) vi (a") 748 v(F2)
w2 (ar) 347 o(F3)/v(CsF) v2 (a') 330 v(CsF)
w3 (ar) 173 o(F3) vs (a') 178 o(F3)
w4 (b1) 240 v(F3) vs (a') 127 v(F2)
ws (b2) 588 Vas(F3) vs (a") 44 o(CsF2)
we (b2) 104 p(F3) ve (a") 160 v(F3)

3 MRCISD+Q(4¢€,30)/AVTZ harmonic frequencies. ® CCSD(T)/AWCVTZ harmonic frequencies. © v:
stretch; J: bend; p: rock; y: out-of-plane bend; as: antisymmetric; s: symmetric.

The combination band (923 cm™ in Ar and 919 cm™ in Kr) has been assigned to the
combination of vas and vs (550 + 389 = 939 cm™!) by Riedel and coworkers.'”* However,
if the true vs of CsF3 is 461 cm™! (as supported by the multireference computations), what
could be the alternative origin of this combination band? The vibrational frequencies of
the two CsF3 minima (Cy and Cs, Figure 5.5) are reported in Table 5.8. It is possible to

obtain this combination band from the 588 and 347 cm™ bands (harmonic: 588 + 347 =
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935 cm™) of Cay CsFs. It might also come from the 748 and 178 cm™! bands (harmonic:
748 + 178 = 926 cm!) of the newly located Cs CsF3. The actual frequency should be
lower than those values because of anharmonicity. Moreover, due to the near degeneracy
(0.2 kcal/mol, Figure 5.5) of the Cav and Cs CsF3 minima, the simultaneous disappearance
of the two different species upon irradiation (A = 266 nm)'*® could occur. Therefore,
treating the simultaneous disappearance of the 550 and 923 cm™! bands as solid evidence
to verify the F-F-F symmetric stretch frequency vs might need to be reconsidered,
because they could come from different species. Those additional possibilities certainly

complicate the band assignment, and future studies should revisit this problem.

5.5 Conclusions

The alkali metal trifluorides MF3; (M = Li, Na, K, Rb, and Cs) are challenging molecular
systems for both experimental and theoretical studies. The most important challenges
include determination of the genuine MF3 minima and the global minima, the
problematic existence of the light alkali metal trifluorides MF3 (M = Li and Na), and the
assignment of the F-F-F symmetric stretch frequencies for the heavy alkali metal
trifluorides MF3 (M = K, Rb, and Cs).

In the present study, we provide new explanations and solutions to the above
problems using very high level coupled-cluster [CCSD(T), CCSDT, and CCSDT(Q)] and
multireference (CASPT2, CASPT3, and MRCISD+Q) methods. Benchmarks show good
performance of the coupled-cluster method [CCSD(T)/AWCVTZ, see Methods] in
predicting reliable structures, harmonic frequencies, and endothermicities for the selected

test set. The CASPT2 and MRCISD+Q methods were applied for those structures with
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multireference issues (all Coy structures), and the corresponding results mostly align with
the CCSD(T) results.

For locating the true MF3 minima and global minima, the results support a preference
of Cs minima for MF; (M = Li and Na) and C»y minima for MF3 (M = K, Rb, and Cs).
Comparison with earlier theoretical studies exhibit a strong method-dependence in
determining the nature of the species (transition states or minima) and the energy
difference between isomers (locating global minima). The CCSD(T) results were found
to be sensitive to different basis sets, frozen core options, and dynamic correlation types.
For the species where multiple minima were located, the near degeneracies of those
minima can be found in most cases, according to the CCSD(T) results.

Concerning the existence of MF3 (M = Li and Na), the endothermicities (~3-4
kcal/mol) for the favored MF3 — MF + F» neutral fragmentation suggest that the MF; (M
= Li and Na) structures are weakly bonded complexes. Their existence at low
temperatures cannot be ruled out. Vibrational frequency analysis suggests possible
candidates to match the previously assigned NaFsz IR bands. Because no well-
characterized LiF3 vibrational spectra have been reported so far, its computed vibrational
frequencies are a challenge to future experiments.

For the F-F-F symmetric stretch frequencies (vs) of MF3 (M = K, Rb, and Cs), striking
differences were found between the CCSD(T) and MRCISD+Q results, even though the
former shows a good performance in predicting most structures and antisymmetric stretch
frequencies (vas). The very high coupled-cluster [CCSDT and CCSDT(Q)] results agree
with the recent reassignment [389 cm™!, RSC Adv. 2015, 5, 106568] of vs for CsF3, while

the multireference (CASPT2, CASPT3, and MRCISD+Q) results support the original
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assignment of vs [461 cm’!, J. Am. Chem. Soc. 1976, 98, 1591; Inorg. Chem. 1977, 16,
2024]. The F-F-F symmetric stretch frequencies for MF3 (M = K, Rb, and Cs) continue to
be an experimental and theoretical challenge. For the time being, the application of even

higher-level theoretical methods will be difficult. New experiments are strongly

encouraged.
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CONCLUSIONS

This dissertation focuses on the applications of high-level quantum chemistry methods to
several small molecular systems containing metal elements. Throughout this research,
highly accurate coupled cluster and multireference methods have been employed.

In Chapter 2, we provided an extensive and predictive study of alkaline-earth
metallacyclopentadienes and the recently synthesized magnesium complex
MgC4[Si(CH3)3]2[CH3]2* TMEDA using density functional and coupled-cluster methods.
Our results lead to the following conclusions. The ground-state global minimum of the
bare MC4H4 rings are predicted to possess C2, symmetry. The MCsHs4 molecules are
predicted to be antiaromatic based on the bond length alternation, NICS(1),, indices, and
resonance energies. The distinct viability of these MC4H4 compounds is justified by
QTAIM, NBO, MO analyses, and ring strain. The VPT2 anharmonic vibrational
frequencies are computed for the BeCsHs and MgCsH4. Those group IIA
metallacyclopentadienes are generally expected to be confirmed by future synthetic work.

In Chapter 3, we reported a high-level theoretical study of the Al + CO, — AIO + CO
reaction. These new theoretical results are compared with the recent crossed-beam
experimental studies by Honma and Hirata who have directly challenged the results of
earlier theoretical studies of this system. It can be noticed that the previous theoretical
prediction of a substantial barrier height for this reaction was incorrect, which is
consistent with Honma-Hirata experimental conclusions. However, for the structures of
the possible intermediates, we find striking disagreement with their experimental
conclusion that the O-C-O moiety is nearly linear.

In Chapter 4, we systematically studied the alkali metal trihalides MX3 (M = Li, Na,
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K, Rb, Cs; and X = CIl, Br, I) system using density functional and coupled-cluster
methods. An isomer search using the B3LYP functional confirms a planar asymmetric T-
shaped structure as the global minimum for all MX3 species. The CCSD(T) computations
suggest a strong distortion of the X3~ anions by the alkali metal countercations M. Our
results suggest that the MX3 system might be alternatively described as an MX-X»
complex, rather than the M'Xs™ ion pair proposed in previous studies. This new
conclusion is supported by the equilibrium geometries with a strong distortion of the X3~
anions by the countercations M", vibrational spectra involving localized and mutually-
perturbed X-X and M-X stretches, NBO and QTAIM bonding analyses, and
thermochemistry of different fragmentation pathways. Such conclusion is likely
applicable only to the MX3 systems in the gas phase, in inert matrices, or in non-polar
solvents if possible, as no strong solvation would be expected. The two perspectives on
MX3 molecules, strong complexation of trihalide anions by metal cations, and strong
interaction of polar MX molecules with X, are complementary to each other, each with
its own advantages and consequences. We think the chemistry of these remarkable
molecules will benefit from keeping both pictures of the bonding in them in view.

In Chapter 5, we investigated the challenging alkali metal trifluorides MF3 (M = Li,
Na, K, Rb, and Cs) molecular systems using very high level coupled-cluster [CCSD(T),
CCSDT, and CCSDT(Q)] and multireference (CASPT2, CASPT3, and MRCISD+Q)
methods. The most important challenges include determination of the genuine MF3
minima and the global minima, the problematic existence of the light alkali metal
trifluorides MF3 (M = Li and Na), and the assignment of the F-F-F symmetric stretch

frequencies for the heavy alkali metal trifluorides MF3 (M = K, Rb, and Cs). For the most
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important result, the F-F-F symmetric stretch frequencies (vs) of MF3 (M = K, Rb, and
Cs), striking differences were found between the CCSD(T) and MRCISD+Q results. The
coupled-cluster [CCSDT and CCSDT(Q)] results agree with the recent reassignment [389
cm™!, RSC Adv. 2015, 5, 106568] of vs for CsF3, while the multireference (CASPT2,
CASPT3, and MRCISD+Q) results support the original assignment of vs [461 cm™, J.
Am. Chem. Soc. 1976, 98, 1591; Inorg. Chem. 1977, 16, 2024]. The F-F-F symmetric
stretch frequencies for MF3 (M = K, Rb, and Cs) continue to be an experimental and

theoretical challenge.
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