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ABSTRACT

The lanthanides that make up the f-block of the periodic table remain fairly
unexplored experimentally such that there is a need for thermochemical information
regarding these elements to better understand their reactivity and properties, including, for
example, their potential usefulness as catalysts in organometallic and oxidation catalysis.
In addition, these heavy elements are difficult to describe theoretically because of spin-
orbit and relativistic effects and the many electronic configurations possible from the 4f
electrons. Accurate thermochemistry measured from gas-phase experiments, where
systems can be probed in isolation from solvent or substrate molecules, can serve as useful
benchmarks for evaluating theoretical methods. The work described in this dissertation
focuses on examining the gas-phase reactivity and thermochemistry of the lanthanide
gadolinium cation (Gd*). Gd* is found in the middle of the lanthanide series and has a
4f'6s15d* ground state valence electron configuration. This configuration (with two non-4f
electrons) is unusual compared with most lanthanide cations, which typically have 4f"6s!
configurations (n corresponding to the remaining valence electrons). Guided ion beam
tandem mass spectrometry (GIBMS) is used here to investigate and measure the
thermochemistry of the gas-phase activation of Hy, Oz, and CO; by Gd*. Potential energy
surfaces for the oxidation reactions with O, and CO; are characterized in great detail from
these experiments. Quantum chemical calculations are performed and provide insight into

the electronic states of the species probed in the experiments and a detailed understanding



of the reaction mechanisms. Periodic trends are elucidated, where results indicate that Gd*
generally behaves more similarly to the group 3 transition metal cations scandium (Sc*)
and yttrium (Y*) than to most lanthanide cations, which is attributable to similarities and
differences in the electronic ground states of these ions, respectively. The extensive
thermochemistry determined for Gd* in this work can serve as valuable standards for
comparing theoretical calculations against. Moreover, the mechanistic insights provided
by these studies for the activation of Ha, O2, and CO, by Gd* can potentially be useful in
understanding the activation in analogous reactions with other metals, where this
information can potentially lead to insight beneficial for the design of more effective

catalysts.
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CHAPTER 1

INTRODUCTION

1.1 Bond Activation by Metals

Bond making and bond breaking are the essence of chemistry. A central focus of
catalysis research is to understand and control bond activation, where such knowledge can
greatly benefit various industrial and synthetic processes. For example, in organometallic
catalysis, the controlled activation of hydrocarbons could lead to more efficient fuel
sources™? and the conversion of carbon dioxide into a more useful form has the promise to
be utilized in chemical synthesis as a natural source of carbon.>® Removing and reusing
CO; for such purposes could also benefit the environment because of the effect of CO; as
a greenhouse gas. In this regard, methods using green chemistry are also being explored
for the controlled and selective oxidation of organic molecules, including hydrocarbons. A
possible route is by forming two high-valent oxido-metal species from activation of the
oxygen molecule via a dioxygenase mechanism.” However, the relatively strong bonds in
the aforementioned molecules make them fairly inert and to induce activation requires use
of catalysts, such as metals. These catalysts can be used not only to lower the barriers of
activation, but from careful consideration of the properties of the catalyst, guide the process
along a desired reaction pathway. Understanding the fundamental interactions involved

between the metal catalyst and target molecule can provide critical insight into the



activation process and the properties of the catalyst. Probing these interactions directly,
without interference from solvent and substrate molecules, can be performed using gas
phase experiments.®® Although the results from gas phase studies are not directly
comparable to those from solution phase catalysis (which include effects of counter ions
and effects of the substrate or solvent that functions as a thermal bath to dissipate excess
energy), they can still provide information about the energetics, the fundamental steps, and
the intermediates involved and reveal, for example, the role of the electronic structure of
the metal in the activation process. Such insight can be extended to more complicated
systems and aid in the design of new and more effective catalysts targeting specific reaction

pathways.

1.2 Reactivities and Energetics from Gas Phase Studies

Unlike neutrals, ions can easily be manipulated with electric fields and detected in
the gas phase. Thus, most gas-phase research on metals has involved studying the
chemistry of metal ions. Gas phase reactions of metal cations and their complexes with
neutrals at thermal energies have been studied using sector-type instruments, trapping, and
flow tube techniques,® including ion cyclotron resonance (ICR)*%% and selected-ion flow
tube (SIFT) mass spectrometry.t’?t Early work investigated the unimolecular
decompositions of metastable metal ion complexes using sector type instruments.?
However, only a limited type of system could be studied with this technique.® In contrast,
ICR mass spectrometry, where ions are trapped in a cell and neutral reactants are
introduced for reaction, has been used to investigate a much wider range of systems.10-16

In the ICR experiments, the reaction can be monitored as a function of delay time, allowing



rate coefficients to be measured. Moreover, successive additions of the same or different
neutrals can be performed to investigate consecutive reactions and observe complete
catalytic cycles.'®%> Some thermochemical information can be obtained from bracketing
experiments that monitor the reactivity with neutral reactants having known bond
energies.’>? Reactivities of several metal cations with various neutrals have also been
investigated using SIFT coupled with an inductively coupled plasma (ICP) source (for
metal cation generation).’-?! In the SIFT experiments, ions pass through a reaction region,
in which neutral reactants are introduced. This region is maintained at a relatively high
pressure using a carrier gas such that reactants equilibrate to the temperature of the gas.
Rate coefficients can be measured from analysis of the reactant and product ion profiles as
a function of the neutral reactant flow.?! Because reactivities are typically examined at
thermal energies with the ICR and SIFT methods, primarily exothermic processes are
investigated.

Detailed kinetic and thermochemical information can be obtained from studying
the energy dependence of reactions in the gas phase, which also allows for examination of
endothermic processes and those exhibiting an activation barrier. This can be accomplished
using ion beam methods, where guided ion beam tandem mass spectrometry (GIBMS) has
become an established technique for measuring accurately the bond energies and
thermochemistry of various species and reactions.?*?® In these experiments, reactions can
be examined from thermal energies up to 1000 eV (in the lab frame). Product ion cross
sections are measured as a function of energy and 0 K threshold energies for the processes
are obtained through careful modeling of the data by taking into account effects of the

internal and kinetic energy distributions of the reactants.?*® Thus, energetics can be



measured directly from experiment, where this thermochemistry can be useful in providing
important insight into reaction mechanisms and be extended to other and more complicated
processes to help determine their feasibility.

Because of the usefulness to organometallic catalysis, numerous GIBMS studies
have focused on measuring the thermochemistry and providing understanding for the
activation of C-H and C-C bonds by metal cations. In this regard, the activation of H> can
serve as a simple model for the cleavage of single covalent bonds. Reactions of various
metal cations with H, (HD and D>) have been investigated extensively using GIBMS and
hydride BDEs have been determined for most first,?3 second,®® and third***? row
transition metal cations. Analysis of isotopic effects in the branching ratios of the product
ions in reactions with HD have allowed for mechanistic information to be obtained.*® The
wealth of GIBMS results for the hydride systems have provided insight into periodic
trends, where differences in reactivity have been explained by invoking molecular orbital
concepts and spin conservation.

Several GIBMS experiments have also examined the reactivities of various
transition metal cations and their oxides with O2,*%2 and CO,.5->*6-64 Not only can such
studies provide accurate thermochemistry for the activation of these small neutrals but they
can also reveal details about the reaction mechanisms. Because the energetics of the
intermediates can in many cases be characterized, nearly complete potential energy
surfaces can be mapped. Many studies including those by GIBMS have predominantly
explored the thermochemistry and reactivity of transition metals because of their distinct
properties that arise from the variety of interactions and electronic configurations possible

from the occupation of the d-orbitals. In contrast, somewhat fewer studies have



investigated the thermochemistry of the lanthanide metals, which form the f-block in the
periodic table. As a result of the 4f electrons, the lanthanides can have many low-energy
levels and be prone to low energy fluctuations in charge and spin, where these properties

can make the lanthanides and their oxides potentially useful in catalysis.®®

1.3 Lanthanide Oxidation Thermochemistry

Compared with most metals, many of the lanthanides (Ln) are unusual because they
have larger metal oxide (MO) bond dissociation energies (Do, BDE) than MO ionization
energies (IE). This is because they can essentially form a triple bond with an O atom, where
this is also true for the metal oxide cations (MO*).%® Effective binding is achieved from
two electrons in 5d orbitals on Ln or Ln* that interact with the four 2p valence electrons of
the O atom.%® However, because many of the lanthanides do not have a 5d? ground state
configuration, promotion of 4f and/or 6s valence electrons to 5d orbitals is required to
achieve the reactive configuration in Ln or Ln* from the ground state configurations. The
LnO and LnO" BDEs have been shown to inversely correlate with the promotion energy
cost needed to attain this reactive configuration.®® Figure 1.1 demonstrates the inverse
relationship (with a slope of -0.9) in the LnO"™ BDEs with the promotion energy cost of
achieving the 5d? configuration in Ln*.%%° The oxide BDE for the promethium (Pm™*)
cation is omitted because this element has no stable isotopes. The LnO" bond energies are
largest for the lanthanum (La*) and cerium (Ce™) cations because these have 5d? ground
state electronic configurations and thus no promotion energy cost. For most other
lanthanides, both a 6s and 4f electron must be promoted to 5d orbitals. Figure 1.1 indicates

that the promotion energy cost increases across the period with increased 4f orbital
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Figure 1.1. LnO" bond energies as a function of the promotion energy required to achieve
a 5d electronic configuration in Ln* from the ground state electronic configuration. Bond
energies are determined from references 67-69 using equation (1.2) and promotion energies
are obtained from reference 66.

occupation for early (black) and late (blue) lanthanide cations. This trend can be attributed
to the increasing nuclear charge along the lanthanide series that causes a larger energy
separation between the 4f and 5d orbitals.

Because many lanthanides have larger metal oxide BDEs than IEs, they are
expected to react exothermically via the chemi-ionization reaction (1.1), where a metal
oxide cation is formed by releasing an electron from the association reaction of M and O:

M+0—MO"+e (1.1)
This reaction is anticipated to be exothermic for only a handful of other metals, besides

many of the lanthanides, including some of the early transition metals.’®"2 A different



application for these unusual metal oxides has been proposed by the U. S. Air Force
Research Laboratory (AFRL), where there has been a long-standing interest in creating
artificial electron dense plasmas in the ionosphere (atmospheric altitudes > ~100 km) that
can be used to prevent disruptions in satellite communications.”® Because satellite
communications work via radiowave transmissions, which depend on the electron density
in the ionosphere,”® naturally occurring electron density fluctuations can interrupt these
communications. As one means to prevent such disruptions, AFRL researchers have
proposed to generate electron enhanced plasmas in the ionosphere by releasing metals that
can react exothermically with available oxygen atoms via process (1.1).”

The chemi-ionization reaction enthalpy, AHci, for (1.1) can be determined from
two thermodynamic cycles using either Do(MO) and IE(MO), or Do(MO™) and IE(M) as
givenin (1.2):

AHci = IE(MO) — Do(MO) = IE(M) — Do(MO") (1.2)
From expression (1.2), possible candidates for the AFRL experiments that will exhibit
exothermic reactions have larger Do(MO) than IE(MO) values, but can also be identified
by having larger Do(MO") than IE(M) values. Figure 1.2 shows the IEs of the lanthanides
(typically corresponding to the removal of one of the 6s electrons). These IEs generally
increase along the lanthanide series because of the increasing nuclear charge resulting in
more tightly bound 6s electrons. Gadolinium (Gd) and lutetium (Lu), with half- and
completely filled 4f shells, respectively, deviate from the general trend where the lower IE
for Lu corresponds to the energy for removal of a 5d rather than 6s electron. On the basis
of the results in Figures 1.1 and 1.2, potential candidates for the atmospheric chemical

release experiments, which will exhibit highly exothermic chemi-ionization reactions, are
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Figure 1.2. lonization energies®’ of the lanthanide metals (excluding Pm) to form the singly
charged cations.

the early lanthanides, especially La, Ce and praseodymium (Pr). However, another aspect
to be considered is the relative ease with which the metals can be vaporized, i.e., their
boiling points, for efficient plasma generation. A temperature of below ~3500 K is desired
as this is the temperature that can be reached with a thermite reaction used for the
vaporization. The boiling points’ for the lanthanides are shown in Figure 1.3 together with
their anticipated chemi-ionization reaction enthalpies deduced from the available literature
thermochemistry.” Figure 1.3 demonstrates that although the early lanthanides indeed
exhibit highly exothermic chemi-ionization reactions, these metals also have relatively
high boiling temperatures and are thus not the most well-suited candidates.

Samarium (Sm) and neodymium (Nd), which have boiling temperatures below

3500 K (Figure 1.3) have been studied in early atmospheric chemical release
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Figure 1.3. Boiling™ temperatures of the lanthanides are indicated by the blue squares and

the right y-axis. Chemi-ionization reaction enthalpies’ for the lanthanides are indicated by
the red circles and the left y-axis.

experiments.”>"® The flows of the resulting Sm and Nd plasmas were analyzed in reference
to those of known ions and neutrals, where the results suggested that Sm underwent chemi-
ionization but Nd did not,” in contrast to expectation. Recently, the chemi-ionization rate
constants for Sm and Nd have been measured using a flow tube apparatus and indicate that
reaction (1.1) is at least 30 times more efficient for Nd than Sm, consistent with the chemi-
ionization exothermicities for these metals.”* Thus, the results from the early atmospheric
chemical release experiments were likely misinterpreted as these were not analyzed with
sophisticated methods.”* Subsequent releases of Sm have been performed via the metal
oxide space cloud (MOSC) experiment in which more advanced techniques have been used
to analyze the plasmas produced.’®"" Preliminary analysis of these clouds indicated that,

although Sm does undergo chemi-ionization, the electron densities produced were 10 to
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100 times lower than predicted from the available thermochemistry.” This prompted a re-
evaluation of the Sm chemi-ionization exothermicity, where GIBMS was used to
accurately determine the SmO* BDE.”® Because the IE for Sm is well-established the
chemi-ionization reaction enthalpy was determined accurately via (1.2). The revised
thermochemistry for Sm indicates that its chemi-ionization exothermicity is lower by about
0.2 eV than that previously suggested by the literature.”® The revised chem-ionization
thermochemistry for Sm has been used in subsequent models to successfully reproduce the
observations in the MOSC experiments.”” As illustrated by these results for Sm, there is a
need for more accurate and precise lanthanide thermochemistry that can be obtained from
fundamental gas phase measurements. Not only can this information benefit the AFRL
studies by avoiding the undertaking of unnecessary and expensive atmospheric chemical
release experiments, but this information could more generally be useful for understanding
the properties and reactivities of the lanthanides and their potential benefits in

organometallic and oxidation catalysis.

1.4 Lanthanide Thermochemistry: Benchmarking Theory

Accurate lanthanide thermochemistry obtained from experiment can also be
beneficial to quantum chemistry calculations because the experimental results can serve as
benchmarks for evaluating and improving theoretical methods.”*® The lanthanides and
more generally the heavy elements are challenging to describe theoretically because of
spin-orbit and relativistic effects. Moreover, the multiple low energy electronic states that
are possible as a result of differences in 4f orbital occupation in the lanthanides make

determination of ground and excited states difficult. Relativistic effects on the core
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electrons can be accounted for using specifically developed pseudopotentials such as
effective core potentials (ECP)® that handle these effects. For all-electron basis sets,
relativistic effects can be accounted for with methods like the Douglas-Kroll-Hess®?-84
Hamiltonian (DKH) and the zeroth-order regular approximation (ZORA).2°> Density
functional theory (DFT) is a popular method for electronic structure calculations because
it is relatively inexpensive computationally and can be applied to fairly large systems,
providing in many cases reasonable results. The energy of the system is obtained by solving
the electron density, where various functionals have been developed for treatment of the
exchange and correlation interactions of the electrons, with the hybrid B3LYP88” method
being one of the most widely used. Higher levels of theory include post Hartree-Fock (HF)
methods that differ from HF methods by explicit consideration of electron correlation. One
such post-HF method is coupled cluster theory, where CCSD(T), which includes the full
treatment of single and double excitations (with triple excitations approximated using
perturbation theory), is often considered the gold standard among ab initio quantum
chemistry methods. However, CCSD(T) is a single reference method, such that many of
the lanthanides that have closely spaced low-energy electronic states arising from
differences in 4f orbital occupation might not be adequately described. Instead these
lanthanides might require multireference methods, such as multireference configuration
interaction®® and active-space coupled cluster approaches. Because these high-level
calculations can become computationally costly for even small systems, there is a need for
experimental thermochemistry of relatively simple lanthanide complexes. In this regard,
gas phase lanthanide reactions with small neutrals for which accurate energetics can be

determined from GIBMS studies can serve as useful benchmarks.
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1.5 Gadolinium

Gadolinium (Gd), which is found in the middle of the lanthanide series and has a
half-filled 4f shell, can serve as a simple test case for theoretical calculations because there
should not be any complications in terms of low energy electronic states that could arise
from differences in 4f orbital occupation. Thus, single-reference methods might in many
cases be adequate in describing Gd and its cation (Gd*), which also has a half-filled 4f
shell, and is more amenable to study via gas phase reactions. Gd™ is unusual because unlike
most lanthanide cations, which have 4f"6s* configurations where n refers to the remaining
valence electrons (Figure 1.4), Gd* with its 4f'5d6s! configuration has two non-4f valence
electrons. In this regard, Gd* is more similar to the group 3 metal cations Sc* and Y™, as
well as the lanthanide cations La*, Ce*, and Lu* (Figure 1.4). Thus, Gd* should potentially
exhibit similarities in reactivity and properties to those of the early transition metals.
Additionally, because Gd has seven unpaired 4f electrons, it has a large spin quantum
number (the most of any stable element), leading to interesting magnetic properties

including its strong paramagnetism.® As a result of this, Gd makes a good contrasting

Mi—
valence
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39
Y 58
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l 416d?  4P6s  4f'6s  4f%6s  4f6s  4fl6s 4f’5dbs 4f%6s  4f1%s  4f''6s  4f126s  4f1%6s 4f16s  4f16s?
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Figure 1.4. The group 3 transition metals and the lanthanide metals. Valence electron
configurations for the singly charged cations are indicated, where those marked in red
indicate configurations that have two non-4f valence electrons.
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agent in magnetic resonance imaging (MRI),% because even when bound to various ligands
(via interactions of the 6s and 5d orbitals), Gd retains its high spin configuration from the
seven unpaired electrons. Gd, like other lanthanides, could also be a promising catalyst.
For example, oxidation of small hydrocarbons at room temperature have recently been
shown to occur on Gd oxide surfaces.®® Moreover, on the basis of the oxidation chemistry
discussed above, Gd is a potential candidate for the AFRL atmospheric chemical release
experiments because it has a reasonably low boiling temperature (near 3500 K) and its
chemi-ionization exothermicity (~1.5 eV) is predicted to be relatively high based on the
available thermochemistry (Figure 1.3).

In this dissertation, the gas-phase properties and reactivity of Gd* in several
oxidation reactions and in reactions with the hydrogen molecule and its isotopologues (HD
and D) are investigated with GIBMS and with theoretical calculations. Extensive
thermochemistry is determined for Gd* (including a reevaluation of the Gd chemi-
ionization exothermicity), which can serve as useful benchmarks for theoretical
calculations. Furthermore, the potential energy surfaces for the activation of O, and CO-
by Gd* are mapped in great detail from experiment. Deep insight into these activation
processes (and that of Hy), including the role of spin conservation, is aided by theoretical
calculations. The fundamental information determined for Gd* here can be beneficial to
understanding analogous reactions with other metals and can potentially be extended to
more complicated systems, with possible implications to oxidation and organometallic

catalysis and the design of more effective catalysts.
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1.6 Overview and Scope

This dissertation covers studies of the energy dependent gas phase exchange
reactions of Gd* and GdO* with various small neutrals and the collision induced
dissociation (CID) reactions of GdO*, GdO2*, and GdCO>" using GIBMS and theoretical
calculations. Because the GIBMS experiments are designed to accurately measure the
thermochemistry of endothermic reactions (and those exhibiting a barrier), Chapter 2
discusses the modeling involved (using the data analysis program CRUNCH) in fitting the
energy dependent product ion cross sections and extracting the 0 K threshold energies of
these reactions. Details about how the internal and kinetic energy distributions are taken
into account are provided and the effects of these on the measured thresholds are addressed
for the specific systems studied here. In Chapter 3, results for several reactions of Gd*
(and GdO") are provided that allow for the first direct experimental determinations of the
GdO", GdC*, and GACO" BDEs. The BDE for GdO™ is obtained independently from five
different reactions and is used to reevaluate the Gd chemi-ionization exothermicity via
equation (1.2) using the well-established IE for Gd. The reevaluated exothermicity is
consistent with the previous literature values and indicates that Gd indeed should have a
highly exothermic chemi-ionization reaction and should thus be a promising candidate for
the AFRL atmospheric chemical release experiments. For the GdC* and GdCO"* BDEs,
theory aids in identifying the interactions involved in the bonding, where the binding
strengths can be rationalized on the basis of the energy cost required to promote the 6s
valence electron of Gd* to a 5d orbital for more efficient binding with C and CO. This
thermochemistry can be used to benchmark theoretical calculations, as well as be useful in

determining the energetic feasibility of other reactions involving Gd* that are potentially
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relevant for oxidation and organometallic catalysis. A detailed picture of the activation of
O and CO; by Gd* is provided in Chapters 4 and 5, respectively, which demonstrate how
GIBMS can be used to map nearly complete potential energy surfaces by probing the
energetics of the intermediates. Comparisons with theory provide insight into the electronic
states of these intermediates and the reaction mechanisms. Interesting mechanistic
differences are found between the activation of O, and CO- by Gd*, although both reactions
yield the GdO* product in exothermic and barrierless reactions. The differences can
predominantly be attributed to the required change of spin between ground state reactants
and products. As a result, the CO. reaction is more constrained than the O reaction,
requiring a surface crossing in the entrance channel to form ground state products.
However, there are no barriers that exceed the reactant asymptote and thus the reaction
with CO; can still proceed with relatively high (albeit lower than that for O) efficiency at
thermal collision energies. Comparisons with results for the group 3 transition metal
cations, Sc* and Y™, indicate that Gd* exhibits similar reactivity with O, and CO; to these
ions because of their similar ground state valence electron configurations (ignoring the 4f
electrons of Gd™), which result in similar promotion energy costs and bond strengths in the
metal oxide cations. In Chapter 6, the activation of H, by Gd" is explored. The
experimental results indicate that Gd* reacts with H. via a mixture of both direct and
statistical mechanisms, consistent with theoretical calculations that indicate the
availability, without exceeding the reaction endothermicity, of both types of reaction
pathways. Comparisons with the metal hydride cations for Sc* and Y* indicate that
different interactions are involved in forming the hydride metal cation bonds, (i.e.,

Gd*(5d;2)-H(1s) vs. Sc*(4s)-H(1s) and Y™ (5s)-H(1s)), which explain the slight differences
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in bond strengths observed for these systems. Nonetheless, Sc* and Y™ cations generally
exhibit similar reaction mechanisms to those of Gd* because of the fairly similar ground
state electronic configurations leading to similar potential energy surfaces. Conclusions
from the different studies on Gd* reactivity are presented in Chapter 7, where the
interactions involved in O, C, and H binding with Gd*, the influence of the electronic
ground state, and the similarities and differences between activation of O, and CO;
compared with H; are discussed. Moreover, an outlook on the broader context of these
results to those of other lanthanide and metal cations and the potential applications of these

results are provided.
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CHAPTER 2

DATA ANALYSIS: MODELING WITH CRUNCH

TO OBTAIN 0 K THRESHOLD
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2.2 Conversion of Raw Data

Information about the experimental and theoretical procedures and the guided ion
beam tandem mass spectrometer (GIBMS) used in the studies described within this
dissertation are given in the separate chapters. Here, details of the equations and the
modeling involved in extracting 0 K threshold energies, Eo, from the GIBMS data using
the program CRUNCH are provided.* A brief summary of the GIBMS experiments is as
follows. Gadolinium (Gd) metal ions were generated from Gd foil using a direct current
discharge flow tube (DC/FT) ion source.? Neutral gases could be introduced into the source
to form Gd* complexes, where, for example, GdO™ and GdO;" precursor ions were formed
by introducing O, (Chapter 4). Mass selection of the precursor ion of interest was
performed using a magnetic momentum analyzer. The precursor ions were then decelerated
to a controlled and well-defined kinetic energy prior to entering an octopole ion beam
guide, which was surrounded in part by a reaction cell. Neutral reactants were introduced
into the cell, where pressures were kept sufficiently low to ensure that single-collision
conditions dominated in the reactions with the precursor ions. Resulting precursor and
product ions were mass selected and analyzed using a quadrupole mass filter, and their
intensities were counted using a Daly detector.® Precursor and product ion intensities were
measured as a function of the precursor ion kinetic energy in the lab frame. Additional
measurements of the energy dependent precursor and product ion intensities were
performed by directing the neutral reactant into the reaction chamber instead of the cell to
correct for any background reaction not occurring in the cell. The corrected intensities were
converted to a total reaction cross section (i.e., a measure of the reaction probability) using

an equation analogous to the Beer-Lambert law given by (2.1) as detailed previously.*
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The individual product ion cross sections were then generally determined using the

background corrected intensities and equation (2.2).
. [
[=1ye P9 witho = —In (I—> /pl (2.1)
0

g =0 <$]I]> where Z [ =1Ip-1 (2.2)
]

In equations (2.1) and (2.2), lo and I correspond to the precursor ion intensity before and
after reaction, respectively, | (8.26 cm) is the effective reaction path length, p corresponds
to the number density in the cell given by P/keT where P is the pressure, kg is the
Boltzmann constant and T is the temperature, I; is the intensity of product j, and oj and
correspond to the cross section of product j and the total reaction cross section,
respectively. The energy scale was converted from the lab to the center-of-mass (CM)
frame, which gives the energy available in the reaction, such that the final data were plotted
in terms of cross section as a function of CM collision energy (e.g., Figure 2.1). Because
of the experimental design, the neutral reactant can be assumed to be stationary relative to
the ion, such that conversion from the lab to the CM frame simplifies to the equation (2.3)
with M and m corresponding to the masses of the precursor ion and reactant neutral,

respectively.

E(CM) = E(Lab) (-™-) 2.3)

M+m
Retarding experiments were used to determine the full width at half maximum (FWHM)
of the precursor ion kinetic energy distributions and to determine the zero in the energy
scale as described previously.}* The FWHM value is used in the modeling of the precursor

ion kinetic energy distribution as discussed further below.
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2.3 Exchange and Collision Induced Dissociation Reactions

The gas phase reactions that are described in this dissertation can be separated into
two types: exchange and collision induced dissociation (CID) reactions. Both these
processes are illustrated in Figure 2.1 in the reaction between the gadolinium oxide cation
(GdO*) and O to form GdO," + O and Gd* + O + O products. The GdO2" product is
formed via an exchange reaction, which involves both bond breaking and bond making. To
form the GdO,* + O products, the O, bond breaks and a new bond is formed between one
of the O atoms and GdO™. This reaction is endothermic as shown in Figure 2.1 and requires

about 2 eV to yield the products from ground state reactants. The bond dissociation energy

Energy (eV, Lab)
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—
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Figure 2.1. Product ion cross sections as a function of energy in the center-of-mass (CM,
bottom x-axis) and lab (top x-axis) frames for the reaction between GdO* and O,. The bond
energy of the reactant neutral is indicated by the arrow.
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(BDE) for OGd*-O can be determined from the measured reaction endothermicity (Eo) and
the BDE of the reactant neutral via Do(OGd™-O) = Do(O-0) — Eo where the BDEs and
threshold energy, Eo, of the reaction correspond to values at 0 K. Exchange reactions can
be exothermic or endothermic depending on whether the new bond formed in the product
ion is stronger or weaker than the bond that breaks in the reactant neutral. In Figure 2.1,
there is a decline in the GdO>" product ion cross section at energies exceeding the bond
energy of the reactant neutral, because at these energies, the product ion has sufficient
energy to dissociate and yield GdO* + O + O products. This decline is treated differently
in the modeling and includes a dissociation probability as described elsewhere.® In contrast
to exchange reactions, CID reactions are inherently endothermic because they involve
solely the breaking of bonds. In Figure 2.1, Gd* + O + O products are formed from
breaking the GdO™ bond, where O serves simply as a collision gas. According to the results
in Figure 2.1, this occurs around 7 eV, where the measured reaction endothermicity
corresponds directly to the bond energy of GdO™. The CID product ion cross section will

level off at higher energies and requires no special treatment in the modeling.

2.4 Reactant Kinetic Energy Distributions

The generation of the precursor ions using the DC/FT source and the subsequent
focusing of these ions through various stages of the instrument causes a spread in Kinetic
energies (typically ~0.3 — 0.5 eV in the lab frame) that is much larger than simply a thermal
distribution (0.03 eV), with the specific width of the distribution characterized from
retarding experiments at the entrance of the octopole ion beam guide. This distribution of

precursor ion Kinetic energies needs to be accounted for in the modeling, as it will affect
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the threshold measured (i.e., blur and shift the threshold to lower energies) compared with
the threshold of the reaction at 0 K. The precursor ion Kinetic energy distribution is
typically assumed to be Gaussian and centered at the nominal CM energy measured in the
experiments, and is thus modeled with equation (2.4) using the FWHM (converted to the

CM frame) determined from the retarding experiments.'#

2 [2In(2) _0'5(2 J2in(2) (B- ECM)>
e (2.4)

' — FWHM
Pion(E.Ecm) = (m i

The neutral reactant introduced into the cell has a thermal Kkinetic energy
distribution. This leads to a Doppler effect and a distribution of interaction energies
between the neutrals in the reaction cell and the precursor ion directed into the cell at a
given CM energy.* For accurate extraction of the 0 K threshold energies, this Doppler
effect also needs to be accounted for and is modeled using equation (2.5), known as the

Chantry distribution, where y = M/(m+M), and E"” is an energy index that corresponds to

the relative collision energy between the reactant ion and neutral .>*&7

1

1 2 (-1 11/2_pn 2 (1 1/ . 2
Poutra(ELE") = (W)Z [e (y To T)(El 2_p 1/2) —e (y - T)(E1 2,5 1/2)

To consider the effect of the ion and neutral kinetic energy distributions given by

(2.5)

(2.4) and (2.5) for typical experiments discussed in this dissertation, as an example, the
GdO" kinetic energy distributions and the resulting Doppler distributions from the O2
neutral (for the data in Figure 2.1) are shown in Figure 2.2 at representative CM energies
(indicated by the filled circles). The GdO™ kinetic energy distributions are given in Figure
2.2b (onalinear x-axis scale) and 2.2e (on a logarithmic x-axis scale). These have a FWHM
of 0.36 eV (lab) as measured from the retarding experiments, which corresponds to 0.056

eV in the CM frame. The GdO™ kinetic energy distributions are fairly narrow, where
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Figure 2.2. The product ion cross sections resulting from the reaction between GdO* and
02, and modeled kinetic energy distributions for the ion (Gaussian) and neutral (Chantry,
Doppler) as a function of the center-of-mass (CM) energy are shown in (a), (b), and (c),
respectively, plotted on a linear x-axis and in (d), (e), and (f) plotted on a logarithmic x-
axis, respectively. The distributions are shown for selected CM energies of the
experimental data indicated by the filled circles in (a) and (d).
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plotting these distributions on a logarithmic x-axis demonstrates more clearly the effect of
the relative width compared with the average energy of the distribution (Figure 2.2¢). The
results in Figures 2.2b and 2.2e indicate that precursor ion kinetic energy distributions will
generally have a greater effect in obscuring the threshold at lower CM energies, although
in this case, the effect is relatively small. The narrow GdO™ distributions in the reaction
with O, can be attributed to the relatively large mass difference between the reactant ion
(176 Da using the Gd isotope) and the O, neutral (32 Da), which results in a small
FWHM in the CM frame. In contrast, if the ion and neutral have similar masses, the FWHM
in the CM frame will be roughly half of that in the lab frame and will thus have a larger
impact on the measured threshold. For example, the GdO™ distributions in CID experiments
with Xe (131 Da) will have a FWHM in the CM frame of 0.16 eV (Chapter 3). In contrast
to the relatively narrow precursor ion distributions, those resulting from the Doppler effect
of the O2 neutral for a given CM energy of the precursor ion, shown in Figures 2.2c (linear
x-axis) and f (logarithmic x-axis), are significantly broader, with the absolute width
increasing with increasing energy (Figure 2.2c). However, the relative width compared
with the average energy of the distribution is larger at low CM energies as shown in Figure
2.2f. Thus, the effect on the measured 0 K threshold energy will again be largest at low
CM energies, where this effect has been discussed in detail previously.* In the limit of the
ion having a CM energy of zero, the Doppler distribution (equation (2.5)) reduces to a
Boltzmann distribution with an effective temperature of T =yT = 254 K for the reaction
between GdO* and Oz, where Y = M/(m+M) = 0.846 and T = 300 K.* Thus, at the lowest
precursor ion collision energy measured in the experiments, the interaction distribution is

nearly thermal.* The FWHM of the Doppler distribution is given approximately by FWHM
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~ (11.1 y ks T Ecm)¥2.4" Because the width depends on y = M/(m+M), a broader
distribution results for a large precursor ion mass, M, and a small neutral mass, m, with the
limit corresponding to y = 1. This means that for the reactions examined in this dissertation,
the widest Doppler distributions, at a given CM energy, will result for the reaction between

Gd* (160 Da) and the light Hz (2 Da) neutral (Chapter 6).

2.5 Reactant Internal Energy Distributions

The measured threshold energy in the GIBMS experiments will be lowered by the
available internal energy of the reactants, and thus this effect also needs to be accounted
for in the modeling of the data to extract accurate Eo values. Because the systems described
within this dissertation are at most four atoms, the internal energy will have a relatively
small contribution. The internal energy of the reactants is calculated via integration over
ro-vibrational density of states, where vibrational frequencies and rotational constants are
obtained from the NIST WebBook® when available or from quantum chemical calculations.
In the GdO™ reaction with Oy, the vibrational frequencies for GdO* and O, are 898 and
1580 cm™, respectively, such that predominantly the ground vibrational states of these
reactants will be populated at thermal energies (208.5 cm™). The 2D rotational constants
for GAO* and O; are 0.376 and 1.438 cm™, respectively, resulting in thermal distributions
of rotational energies. For these reactants, the calculated internal energy of a given state i
having population gi (with £gj = 1) is shown in Figure 2.3, where this distribution results
mainly from populating rotational states of the reactants. As Figure 2.3 indicates, the
contribution of the internal energy is relatively small, where the average energy of the

distribution is 0.054 eV, with a FWHM not much larger than the average energy. Thus, in
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Figure 2.3. Internal energy distribution for GdO* and O; reactants determined from

integration over ro-vibrational density of states.

general, for the experiments discussed here, the internal energy distribution of the reactants

will not have a large effect, where predominantly population of rotational states will

contribute most to the internal energy distribution of the reactants.

The contribution of the reactant electronic energy is determined and corrected for
separately after modeling has been performed with CRUNCH to extract the Eo values. In
many cases, the electronic energy is zero (and no correction is needed) because the
reactants are or are assumed to be in their electronic ground states (e.g., the reactant neutrals

and the GdO*, GdO,*, and GdCO;"* precursor ions). However, in reactions involving Gd*,
the contribution from the average electronic energy of Gd*, as a result of predominantly
populating spin-orbit (SO) levels in the ground °D state, are taken into account. Previous

GIBMS experiments®1? indicate that metal ions generated from the DC/FT source have an
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average electronic temperature of 700 + 400 K. For Gd"*, this temperature corresponds to
an average electronic energy (Ee) of 0.04 £ 0.03 eV, which is considered in the final Eo
reported. Table 2.1 lists the relative populations at 300, 700, and 1100 K, respectively, in

the different SO levels of the °D ground state for Gd*.

2.6 Modified Line-of-Centers Model and Convolution

Because the systems described within this dissertation are relatively small (4 atoms
at most), the energy deposited is expected to go directly into the reaction coordinate,
resulting in fast reactions (i.e., there should not be any Kinetic shift effects to require
explicit calculation of the RRKM rate constants'). Thus, the product ion cross sections
from exchange reactions with a threshold and those from CID reactions studied here can
be modeled with the relatively simple modified-line-of-centers equation given in (2.6) as

described in detail previously.5!

s(E") = o, Z g.(E"+E; +Eq-Eg)"/E" (2.6)
i

Table 2.1. Relative populations in the different spin-orbit (SO) levels of the Gd* °D
ground state at 300, 700, and 1100 K.

Relative Populations (%)

SO Level Energy (eV)
300 K 700 K 1100 K
5/2 0.00 68.13 40.65 30.31
712 0.03 25.88 31.64 28.69
9/2 0.08 5.45 18.43 22.06
11/2 0.14 0.53 751 13.31

13/2 0.24 0.01 1.78 5.63
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In equation (2.6), E” is the same energy index as that in equation (2.5) and corresponds to
the relative collision energy between the reactant ion and neutral, oo is an empirical scaling
factor, n corresponds to an empirical fitting parameter that determines the shape of the
cross section, E; as discussed above (and shown in Figure 2.3) corresponds to the
vibrational and rotational energy of the reactants in state i having population gi (where Xg;
= 1), and Eg is the average electronic energy. To calculate the modeled cross sections at a
given experimental CM energy, o(E") is obtained by convoluting with the internal energy
distribution via equation (2.6) and subsequently with the reactant Kinetic energy
distributions given by equations (2.4) and (2.5), respectively, using the Tiernan double

integral given in equation (2.7).%2

1 1 " G(E”)E" ! "
cS(ECM) = Pion(E' Ecm) Preutrai(EE") E/ dE'dE (2.7)
0

The process and effect of convoluting the reactant ion and neutral kinetic energy
distributions using the Tiernan double integral are illustrated in Figure 2.4 for the GdO™*
reaction with O at an experimental CM energy of 0.5 eV. Each energy in the precursor ion
kinetic energy distribution gives rise to a distribution of interaction energies with the
reactant neutral. Convoluting these overlapping interaction distributions with the precursor
ion kinetic energy distribution results in an overall broader distribution of kinetic energies
than those of the reactant ion and neutral alone (Figure 2.4). This final distribution is
subsequently convoluted with o(E") in equation (2.7) to give a calculated cross section,
o(Ecwm), that includes the effects of the internal and kinetic energies of the reactants at a
given CM energy measured in the experiments. The calculated cross sections are then

compared with experiment and fitting parameters, including Eo, are optimized.
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Figure 2.4. lllustration of the convolution over reactant kinetic energy distributions using
the Tiernan double integral given in equation (2.7). A given precursor ion Kinetic energy
distribution is convoluted over several distributions of interaction energies with the neutral
arising from different precursor ion Kkinetic energies (left). S(E”) corresponds to the
resulting distribution after the convolution (right).

2.7 Modeled Parameters and Fits

The parameters that are typically varied in the modeling of the experimental cross
sections are Eo, 6o, and n in equation (2.6). Initial guesses for these parameters are provided
prior to an optimization procedure, where an approximation for Eq can be determined from
the experimentally measured threshold, and oo is simply a scaling factor that depends on
the absolute magnitude of the cross section measured. The n parameter, which determines
the shape of the cross section, can in some cases be related to the properties of the transition

state to form the products.® For translationally driven reactions (i.e., those studied here), n
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is suggested to range from 1 to 3.5.% Optimized modeled fits, using CRUNCH, are obtained
using a nonlinear least-squares fitting procedure. The modeled cross sections are compared
with the experimental cross sections within a specified energy range and the modeling
parameters are varied in the direction that minimizes the squared-error between the
calculated and experimental cross sections.! Figure 2.5 shows the optimized fits that are
obtained from modeling the product ion cross sections in the exchange and CID processes
for the GdO™ reaction with O,. No special high energy treatment is needed for the Gd*

cross section resulting from the CID process, whereas the GdO2" cross section resulting
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Figure 2.5. The same data as shown in Figure 2.1, but modeled to extract Eo values. The
fits indicated by the solid lines correspond to modeled cross sections using equations (2.6)
and (2.7) as described in the text. The dashed lines correspond to modeled fits given by
equation (2.8) that exclude convolution over the reactant internal and kinetic energy
distributions.
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from the exchange reaction is modeled with a modified version of equation (2.6), for
energies exceeding the bond energy of the neutral, that includes a dissociation probability
as described in detail elsewhere.®> The solid lines in Figure 2.5 include the effects of the
internal and kinetic energy of the reactants and correspond to the optimized fits to the
experimental data. The resulting optimized parameters (Eo, oo, and n) from these fits are
subsequently used to calculate cross sections that exclude convolution over the reactant

internal and kinetic energies via equation (2.8).

o(Ecm) = UO(EC];/ICM_ Eo)” (2.8)

These modeled 0 K cross sections are given by the dashed lines and indicate the Eo value
of the reactions. Figure 2.5 illustrates the combined effect of the reactant internal and
kinetic energy distributions on the measured threshold (solid) compared with Eo (dashed
line). As discussed above, the largest contribution to the deviation between the
experimental threshold and Eo for the systems studied here comes from the kinetic energy
distributions of the reactant neutrals. However, the careful accounting of all these factors

allows for accurate gas phase thermochemistry to be measured using GIBMS.
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3.2 Abstract

Guided ion beam mass spectrometry (GIBMS) is used to measure the kinetic energy
dependent product ion cross sections for reactions of the lanthanide metal gadolinium
cation (Gd*) with Oz, CO2, and CO, and for reactions of GdO* with CO, Oz, and Xe. GdO*
is formed through barrierless and exothermic processes in the reactions of Gd* with Oz and
CO.. All other reactions observed are endothermic and analyses of their kinetic energy
dependent cross sections yield 0 K bond dissociation energies (BDEs) for GdO*, GdC™,
and GdCO*. The 0 K BDE for GdO" is determined from five different reactions to be 7.69
+ 0.10 eV, and this value is combined with literature data to derive the ionization energy
(IE) of GdO as 5.82 £ 0.16 eV. Additionally, GAC" and GdCO"* BDEs of 3.18 + 0.18 eV
and 0.65 £ 0.06 eV are obtained from analysis of the Gd* reactions with CO and CO,
respectively. Theoretical GdO*, GdC*, and GdCO™ BDEs are calculated for comparison
with experiment using various Gd basis sets with an effective core potential and several
levels of theory. For calculations that correctly predict a 1°D ground state for Gd*, good
agreement between theoretical and measured GAC* and GdCO™ BDEs is obtained, whereas
the GdO™ BDE is underestimated in these calculations by about 0.8 eV. Additional BDEs
for GAO™ and GAC™ are calculated using triple and quadruple-{ correlation consistent all-
electron basis sets for Gd. Calculations with these basis sets provide better agreement with
experiment for GdO™ but not for GAC*. The measured Gd" oxide, carbide, and carbonyl
BDEs are similar to those for the group 3 metal ions, Sc* and Y*. This is attributed to
similarities in the ground state electronic configurations of these metal ions leading to
similar interaction strengths. The experimental GAO" BDE measured here combined with

the known IE of Gd is used to determine an exothermicity of 1.54 + 0.10 eV for the Gd
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chemi-ionization reaction with atomic oxygen. This value is consistent with but more

precise than previous literature values.

3.3 Introduction
3.3.1 Overview. Radio wave transmission used in satellite communications
depends on the electron density in the ionosphere (atmospheric altitudes > ~100 km).
Disruptions in these communications can occur from natural electron density fluctuations.?
The Air Force Research Laboratory (AFRL) is interested in creating localized electron
enhanced plasmas in the ionosphere to mitigate these naturally occurring scintillation
effects. One means to create such plasmas is by releasing metal atoms that can readily react
with abundant free oxygen atoms in the ionosphere through the chemi-ionization reaction
(3.1):1
M+0— MO"+e (3.1)
Previous compilations®* of thermochemical data suggest that reaction (3.1) is exothermic
for many of the lanthanide metals and for a few transition and actinide metals. Atmospheric
chemical release experiments have been performed using the lanthanides samarium (Sm)
and neodymium (Nd).1* Differences in the flows of the Nd and Sm plasmas referenced to
those of known ions and neutrals were used to infer that Sm underwent chemi-ionization
while Nd did not.®> This inference, however, is inconsistent with the known chemi-
ionization exothermicities for these metals where reaction (3.1) is significantly more
exothermic for Nd than Sm.2* Recently, the chemi-ionization reaction rate coefficients for
Sm and Nd have been measured using a flow tube apparatus and indicate that reaction (3.1)

is at least 30 times more efficient for Nd than Sm in good agreement with the corresponding
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chemi-ionization exothermicities.> Ard et al. suggested that the results from the
atmospheric chemical release experiments were likely misinterpreted because these relied
only on the observation of a visual greenish cloud resulting from light emitted by excited
neutral Nd and NdO, whereas excited NdO* formed in reaction (3.1) might not emit in the
visible spectrum range.®

Subsequent Sm atmospheric release experiments have been performed in which
more sophisticated instruments were used to analyze the plasmas produced. Analysis of
these clouds indicated that, although Sm undergoes chemi-ionization, the electron densities
produced were 10 to 100 times lower than predicted on the basis of the available
thermochemistry. This led to a recent re-evaluation of the Sm chemi-ionization
exothermicity.® In this study, the exothermicity of the Sm chemi-ionization reaction was
determined indirectly through two thermodynamic cycles shown in Scheme 3.1 using
either 1) the ionization energy (IE) of the metal and the bond dissociation energy (BDE) of
the metal oxide cation or 2) the IE and BDE of the metal oxide.®

The SmO* BDE was measured using guided ion beam tandem mass spectrometry
(GIBMS) and combined with the well-established IE of Sm through thermodynamic cycle
1) giving an exothermicity of 0.08 + 0.07 eV. Independently, the SmO IE was measured
using resonantly enhanced two-photon ionization and pulsed-field ionization zero kinetic
energy photoelectron spectroscopy and combined with the literature BDE for SmO through
thermodynamic cycle 2) yielding an exothermicity of 0.14 + 0.17 eV.°® These measurements
are self-consistent and ~0.2 eV lower than the previous literature value and indicate that
the Sm chemi-ionization reaction is barely exothermic.}® This lower exothermicity

potentially explains the lower than expected electron densities observed in the atmospheric
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IE(M)

M+O
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IE(MO)
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+ -
M+O— MO +e AH_
1) AH_, = IE(M) - D (M"-O)
2) AH_, = IE(MO) - D (M-O)
Scheme 3.1. Diagram of thermodynamic cycles that can be used to determine the
exothermicity of the chemi-ionization reaction (AHci) via 1) the ionization energy of the

metal (M) and bond energy of the metal oxide cation and 2) the ionization and bond energy
of the metal oxide.

chemical release experiments and the inefficiency of the chemi-ionization process relative
to Nd.2®7

Sm was chosen for the atmospheric chemical release experiments because of the
relatively low boiling temperature needed to vaporize the metal. Other lanthanides could
alternatively be used for these experiments including gadolinium (Gd), which has a

comparable boiling temperature (3546 K) to Nd (3347 K).2 The literature also suggests that
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the Gd chemi-ionization reaction (3.1) is significantly more exothermic than that of Sm
(see discussion below). Furthermore, crossed beam experiments measuring the associative
ionization cross section for the Gd chemi-ionization reaction indicate that this process is
exothermic and proceeds efficiently.®

The Sm experiments highlight the importance of accurate and precise
thermochemistry measurements before undertaking expensive atmospheric chemical
release experiments. Because the IE of Gd (6.14980 eV1®Y) is well-established, the Gd
chemi-ionization exothermicity could be determined accurately and precisely from
thermodynamic cycle 1) in Scheme 3.1 if an accurate and precise value for the GdO* BDE
can be measured. GIBMS has proved to be a reliable technique'?'® for measuring
thermochemical information and has been used to measure the metal oxide cation BDEs
for main group metals,**** for first,*2% second,?>?? and third®*?’ row transition metals,
Sm,®and Th.?®

Here, GIBMS is used to measure the 0 K GdO*™ BDE from several different
reactions. This BDE is combined with the well-established IE of Gd to determine the
exothermicity of the Gd chemi-ionization reaction. BDEs for GAC* and GdCO" at 0 K are
also obtained from these experiments. The oxide, carbide, and carbonyl bond energies for
Gd" are compared with theoretical calculations and with experimental values for the
isoelectronic (excluding the 4f electrons of Gd™ and Lu*) group 3 metal cations Sc*, Y™,
La*, and Lu™.

3.3.2 Review of the literature thermochemistry. The chemi-ionization
exothermicity for Gd can be determined indirectly from the literature IE and BDE values

for GdO using thermodynamic cycle 2) in Scheme 3.1. A value of 5.75 £ 0.1 eV for the IE
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of GdO has been obtained from the linear extrapolation method of ionization efficiency
curves in electron ionization measurements.?® Unfortunately, values from this work have
proven to be unreliable in some cases, differing from more recent measurements by up to
~0.8 eV.5:232630 Two additional studies have reported electron ionization energies (IEs) for
GdO* of 6.5 + 0.8 eV and 6.7 + 0.5 eV,*? while obtaining IEs for Gd* of 6.3 + 0.6 eV and
6.1+0.1eV, respectively, consistent with the well-established IE for Gd of 6.14980 eV. %!
These IE measurements are designed primarily to verify that GdO* is not formed by
fragmentation of larger molecules, and hence are generally imprecise and often inaccurate,
explaining why they are clearly too high, exceeding significantly the IE of Gd. Even so,
Cockett et al.** recommended an IE for GdO of 6.5 + 1.0 eV, adopted from the IE
measurements by Murad and Hildenbrand,*? even though Murad and Hildenbrand utilized
the 5.75 eV value in their calculations of the GdO™ BDE (see below).

In contrast to the few IE measurements for GdO, there are several experimental
measurements for the BDE of GdO, as determined from vaporization of Gd>03%*%* and
equilibrium exchange reactions.®2343% In an early review® of BDEs for gaseous
monoxides, a BDE of 6.98 + 0.26 eV was calculated on the basis of the vaporization
measurements (the only values available at that time).3*3> Unfortunately, these calculations
must utilize extrapolated values of heat contents from high temperatures, which limits their
accuracy. A similar BDE (but with reduced uncertainty) of 6.98 + 0.10 eV was adopted in
another report.® Subsequently, exchange experiments by Drowart et al. (using Y and P)%®
and later by Murad and Hildenbrand (using Ti and Y)32 obtained GdO BDEs in good
agreement with the value obtained from the exchange experiment of Ames et al. (using

Th).2* These measurements suggested that the BDE of GdO was larger, 7.35 + 0.13 eV. In
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a compilation®® of diatomic constants by Huber and Herzberg, a BDE of 7.37 + 0.10 eV is
provided on the basis of the exchange reactions available at that time (from Drowart et al.®
and Ames et al.**). The review of Pedley and Marshall*® on thermochemical data for
gaseous metal oxides also includes the exchange measurements of Murad and Hildenbrand
that had become available. This review* evaluates all Do(Gd-O) measurements (notably,
there have been no subsequent experimental measurements since) and recommends a BDE
of 7.36 + 0.13 eV, obtained by giving more weight to the exchange reaction results. A
subsequent review by Chandrasekharaiah and Gingerich* gives a GdO BDE of 7.37 +£0.13
eV, derived from the same set of thermochemical data. Likewise, Cockett et al.®
recommended a GdO BDE of 7.3 £ 0.2 eV from Murad and Hildenbrand. Most recently, a
GdO BDE of 7.36 + 0.08 eV was adopted by Konings et al.,* a value determined only from
the exchange reactions of Murad and Hildenbrand®? and the vaporization study of Ames et
al. (even though the latter study also includes an exchange reaction result),3* with more
weight placed on the results from the exchange reactions. These authors do not explain the
reasons for excluding the other GdO BDE measurements in their GAO BDE determination.
Our assessment of this literature concludes that the review of Pedley and Marshall, which
considers all data available, provides the most comprehensive evaluation, leading us to
recommend a GdO BDE of 7.36 £ 0.13 eV (710 = 13 kJ/mol).

Combining the literature values discussed for the BDE (6.98 + 0.26 and 7.36 £ 0.13
eV) and the IE (5.75 £ 0.1 and 6.5 £ 1.0 eV) for GdO through thermodynamic cycle 2) in
Scheme 3.1 gives possible exothermicities for the Gd chemi-ionization reaction of 1.61 +
0.16,1.23 £ 0.28,0.9 £ 1.0, and 0.5 + 1.0 eV. The former value is consistent with chemi-

electron spectroscopy experiments that measure the maximum Kinetic energy of the
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electrons produced in the Gd chemi-ionization reaction and yield an exothermicity of 1.50
+ 0.27 eV.* This value might only represent a lower limit to the true exothermicity if the
maximum electron kinetic energy band is not measured. This value could also be affected
by Gd excited states because the sample was vaporized at 900 K.

The BDE and IE of GdO can also be combined with the IE of Gd to determine the
BDE of GdO*. Three values can be found in the literature that utilize the IE(GdO) value of
5.75 + 0.1 eV from Ackermann et al.?® These authors report a value of Do(GdO*) = 7.47 +
0.10 eV, which is derived from their measured IE(Gd) value of 6.24 eV (instead of 6.14980
eV) along with the Do(GdO) value of 6.98 + 0.10 eV taken from Brewer and Rosenblatt®’
(with a reduced uncertainty). Murad and Hildenbrand®? report a GdO* BDE of 7.81 + 0.13
eV, which is deduced using Do(GdO) = 7.35 £ 0.13 eV and an IE for Gd of 6.15 eV. This
value has been adopted by Bohme and coworkers.*? The third literature BDE for GdO™ is
7.59 + 0.16 eV as reported by Chandrasekharaiah and Gingerich® and adopted by
Gibson.*® The origins of this value are not explained, but it appears to correspond to the
average of the two reported GdO* BDEs from Ackermann et al.?® and Murad and
Hildenbrand.3? As such, it is inconsistent with their chosen values for Do(GdO) = 7.36 eV
and IE(GdO) = 5.75 eV. A fourth literature value for Do(GdO™) was reported by Schwarz
and coworkers,* 7.0 + 1.2 eV, determined using the BDE and IE for GdO (7.3 + 0.2 and
6.5 + 1.0 eV, respectively) recommended by Cockett et al.®® This GdO* BDE value is
questionable because of the IE(GdO) value used in this determination. Given the
information reviewed above, the best value for Do(GdO™) available in the literature is 7.76
+0.16 eV, as calculated using Do(GdO) = 7.36 + 0.13 eV,*° IE(GdO) = 5.75 + 0.1 eV,*®

and IE(Gd) = 6.14980 eV.101!
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3.4 Experimental and Theoretical Methods

3.4.1 GIBMS. Experimental procedures and the guided ion beam tandem mass
spectrometer used for the threshold energy measurements here have been described in
detail previously.*21345 Briefly, a direct current discharge flow tube (DC/FT) ion source*®
is used to generate singly charged Gd ions. A DC voltage of -1000 to -1400 V is applied to
a cathode consisting of the Gd foil (Sigma-Aldrich, St. Louis, MO) attached to a Ta holder.
A gas mixture of approximately 10% Ar and 90% He is continuously introduced into the
source at a pressure of 0.3t0 0.4 Torr. Arions produced through a discharge are accelerated
into the Gd foil and sputter singly charged Gd ions. The Gd ions are swept into a 1 m long
flow tube where they undergo ~10° thermalizing collisions with the He/Ar carrier gas
mixture. Previous studies indicate that the atomic metal ions generated from this DC/FT
ion source form a distribution of electronic states that can be characterized by average
electronic temperatures of about 700 + 400 K*'*8 and 300 + 100 K*° depending on the
metal ion. At 300 K, 68% of Gd ions are in their ground °Ds, electronic spin-orbit level
(and 100% in the 1°D ground state), whereas about 30% will be in this level at 1100 K (and
97% in the ¥°D ground state). The average electronic energy (Ee) for Gd* at a temperature
of 700 £ 400 K is 0.04 £ 0.03 eV and is accounted for in the modeling described below.
GdO" precursor ions are generated by introducing Oz gas into the flow tube about 15 cm
downstream from the cathode where Gd* is produced. GdO* precursor ions formed in the
reaction between Gd* and O are assumed to be thermalized to the temperature of the flow
tube (~300 K) and thus have an average electronic energy of zero, and a Maxwellian
distribution of rovibrational states.

Precursor ions are skimmed from the flow tube, focused, and passed through a
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magnetic momentum analyzer where they are mass-selected. The heaviest 1*°Gd isotope
(21% natural abundance, at least 2 Da heavier than other Gd isotopes) is selected to ensure
sufficient mass separation. The precursor ions are decelerated to a desired kinetic energy
and focused into a radiofrequency octopole ion beam guide.%®%* Within the octopole, the
ions pass through a static gas cell, in which neutral reactant gases (O2, CO2, CO, or Xe) are
introduced at pressures of ~0.1 to 0.4 mTorr. This pressure range is sufficiently low to
ensure that single collisions predominantly occur between the precursor ions and reactant
gas. This is confirmed by performing measurements at different reactant gas pressures. In
the results discussed below, products that exhibit any pressure dependence are explicitly
mentioned. Precursor and product ions drift to the end of the octopole, where they are
extracted and mass selected using a quadrupole mass filter. Their intensities are measured
with a Daly detector® as a function of precursor ion kinetic energy. Product ion intensities
are corrected for any background reactions that occur outside the cell and are converted to
absolute product ion cross sections as a function of kinetic energy in the center-of-mass
(CM) frame as detailed previously.®® The uncertainty in the absolute cross sections is
estimated as + 20%. Retarding measurements are used to obtain the kinetic energy
distribution as having a full width at half maximum of ~0.5 eV (lab), and the zero of the
absolute energy scale with an uncertainty of £ 0.1 eV (lab).

3.4.2 Data analysis. Threshold energies, Eo, for product formation at 0 K are
obtained by modeling the kinetic energy dependent cross sections (using the data analysis
program CRUNCH) as explained elsewhere.’*>® Briefly, a modified line-of-centers
model®® shown in equation (3.2) is used to fit the cross sections resulting from endothermic

reactions to obtain Eo:
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o) =0y ) gi(E+E; + Eq-Eg)"/E (3:2)

where E is the CM kinetic energy, oo and n are empirical fitting parameters, E; is the
rotational and vibrational energy of reactant(s) for state i, and g; is the fractional population
of that state (Xgi = 1). Vibrational frequencies and rotational constants needed for
calculating Ei are obtained from the NIST WebBook®* for O,, CO, and CO, and from
theoretical calculations for GdO™* (vide infra). Equation (3.2) is convoluted with the
reactant Kinetic energy distributions prior to comparison with the experimental
data.}21351%5 A nonlinear least-squares approach is used to find optimal fits to the
experimental cross sections by varying n, oo, and Eo. Uncertainties in the Eo values are
obtained from optimized fits to several independent data sets for a range of n values and
include the uncertainties in the electronic energy of Gd* and the absolute energy scale. At
higher energies, there is sufficient energy to dissociate the product ion and declines in the
product cross sections are observed in exchange reactions. These high energy data are
modeled using a modified form of equation (3.2) as described previously,* which includes
a statistical probability for dissociation.

In the absence of barriers in excess of the reaction endothermicity, Eo values
obtained in collision-induced dissociation (CID) experiments correspond directly to the
desired BDE. For exchange reactions, Gd* + AB — GdA* + B, BDEs are obtained from
expression (3.3).

Dy(Gd"-A) =Dy(A-B) - E, (3.3)

3.4.3 Quantum chemical calculations. Theoretical calculations are performed

using the Gaussian 09 suite of programs.®” Ground and low-energy states and bond energies
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for GdO™", GdC*, and GACO" are calculated using density functional and coupled cluster
methods at the B3LYP,%®%° PBE0,%6! and CCSD(T,full)®2%° levels of theory. For GdCO*,
CCSD(T,full) single point energies are calculated using optimized B3LYP and PBEO
structures. Extensive calculations were performed using the 6-311+G(3df) Pople basis set
for O and C and three different basis sets for Gd, which all use the Stuttgart Dresden
relativistic effective small core (28 electron) potential.®® The basis sets for Gd were taken
from the EMSL basis set exchange® % and include the Stuttgart Dresden (SDD)
(12s11p9d8sf)/[5s5p4d3f], atomic natural orbital®® (ANO) (14s13p10d8f6g)/[6s6p5d4f3g],
and segmented’® Stuttgart Dresden (Seg. SDD) (14s13p10d8f6g)/[10s8p5d4f3g] basis sets.
Additional BDEs for GdO* and GdC* were calculated using the 3'-order Douglas-KrolI-
Hess Hamiltonian (DKH3)""? with the all-electron cc-pVXZ-DK3™ basis sets for Gd
(obtained from Prof. Kirk A. Peterson) and the aug-cc-pVXZ-DK basis sets for O and C
with X = T, Q (obtained from the EMSL basis set exchange). Analytic geometry
optimization and frequency calculations using the all-electron basis sets at the
CCSD(T,full) level of theory were tedious and did not yield converged structures. Instead,
to determine the structures, energies, and vibrational frequencies at this level of theory, the
potential energy curves were mapped by performing seven single point energy calculations
for each diatomic around the equilibrium bond length determined from B3LYP
calculations. The equilibrium bond lengths and minimum of the potential energy curves
were subsequently deduced from fifth-order polynomial fits with the vibrational frequency
extracted using the analysis of Dunham.” For all calculations, energies for ion complexes
are zero point energy corrected using computed frequencies scaled by 0.989.”° The

rotational constant (0.376 cm™) and vibrational frequency (888 cm™) for GdO* used in
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modeling of the experimental cross sections were obtained from quantum chemical

calculations at the CCSD(T ,full) level of theory using the Seg. SDD basis set for Gd.

3.5 Experimental Results
3.5.1 Gd* reaction with Oz and CO». Product ion cross sections for the Gd*
exchange reactions with O2 and CO; as a function of CM energy in the range ~0.01 to 30
eV are shown in Figure 3.1. The GdO* product ion is formed in these reactions according
to processes (3.4) and (3.5), respectively.
Gd'+0,— GdO"+0 (3.4)
Gd"™+ C0O, —» GdO™+ CO (3.5)
In both reactions, GdO* is formed with a significant cross section (> 100 A?) at the lowest
collision energy and its cross section decreases with increasing collision energy. This
indicates that GdO™ is formed exothermically through barrierless reactions in both cases.
The black lines in Figure 3.1 correspond to the theoretical collision limits expected from
the Langevin-Gioumousis-Stevenson (LGS)’® model that assumes an ion-induced dipole
interaction potential for these reactions.
At low collision energies (< ~1.5 eV), the experimental GdO* cross section in the
O- reaction matches the LGS cross section (Figure 3.1a), whereas that in the CO> reaction
is lower than the LGS cross section by an average fraction of ~0.4. These cross sections
can be converted to rate coefficients (k) as described previously.>! The average
experimental k for reaction (3.4) obtained for collision energies below 1.0 eV is 5.7 + 1.1
x 10 ¢cm®/s, which matches kigs = 5.7 x 107° cm®s and corresponds to a reaction

efficiency (i.e., k/kLss) of 100 + 20 %, where the uncertainty reflects that of the measured
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Figure 3.1. Product ion cross sections as a function of center-of-mass (bottom x-axis) and
laboratory (top x-axis) frame kinetic energy for the Gd™ reaction with (a) Oz (0.29 mTorr)
and (b) CO2 (0.31 mTorr). The arrows indicate the Oz and OC-O bond energies at 5.12 and
5.45 eV, respectively. The lines correspond to the Langevin-Gioumousis-Stevenson
collision cross sections for these reactions. An optimized fit for the GdCO™ cross section
in (b) is indicated by the green solid line obtained by convoluting equation (3.2) with the
Gd" and CO: kinetic energy distributions. The dashed line corresponds to the modeled 0 K
cross section (i.e., no convolution over reactant internal and kinetic energy distributions).
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absolute cross section. These results are consistent with the rate coefficient of 4.9 £ 1.5 x
1071% cm®/s and corresponding efficiency of 86 + 26 % measured for the Gd* reaction with
0> at thermal (~295 K) kinetic energies in inductively coupled plasma/selected-ion flow
tube (ICP/SIFT) experiments.*

In the CO> reaction, the energy dependence of the GdO* cross section at low
energies (<0.2 eV) deviates from the LGS prediction of E**?, declining as E*6*%%, Thus,
rate coefficients obtained from the corresponding GdO™ cross sections at CM energies of
0.01£0.02eV and 0.06 £ 0.02 eV (equivalent to average translational temperatures of 100
+ 150 K and 500 + 150 K) are 4.9 + 1.0 x 102 and 4.0 + 0.8 x 101° cm?s, respectively.
Using kies = 6.3 x 109 cm?/s, efficiencies of 77 + 15 % and 64 + 13 %, respectively, are
obtained at these energies measured. These values are slightly higher
but comparable to the rate coefficient of 3.4 + 1.0 x 10 cm®s and corresponding
efficiency of 50 = 15 % observed at thermal (295 K) kinetic energies in ICP/SIFT
experiments.”’

In the Gd™ reactions with O, and CO; (Figure 3.1), GdO," is also formed but with
relatively small cross sections. GdO;" is likely formed through a sequential reaction of the
abundant GdO™ product ion with a second neutral reactant. This is consistent with the
GdO;" cross section exhibiting only one broad feature in the O reaction but having two
features in the CO- reaction, where these features can be explained by the observed energy
dependence in the respective GdO™ cross sections. Additionally, the GdO," product ion
cross section clearly depends on the O pressure, confirming that this product is formed
sequentially, whereas the pressure dependence in the CO2 reaction is more difficult to

discern because of the significantly smaller GdO2" cross section. A detailed analysis and
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discussion of these reaction cross sections, the reaction mechanisms, and complete
potential energy surfaces mapped from experiment for the exothermic reactions of Gd*
with Oz and CO- to form GdO™ will be presented elsewhere.
In the reaction between Gd* and CO., the GACO* product ion is additionally
observed and formed according to reaction (3.6):
Gd'+ CO, —» GdCO'+ O (3.6)
The data in Figure 3.1b indicate that reaction (3.6) is endothermic, with an apparent onset
energy near 4 eV. The GACO™ cross section peaks around ~5.5 eV and decreases sharply
as expected at CM energies exceeding Do(OC-0) = 5.45 eV'® because this product ion has
sufficient energy to dissociate into Gd* and CO.
3.5.2 Gd" reaction with CO. Gd" reacts with CO to form GdO* and GdC*
according to reactions (3.7) and (3.8), respectively.
Gd'+CO — GdO" +C (3.7)
—GdC" +0 (3.8)
Product ion cross sections as a function of kinetic energy in the CM frame from ~0.01 to
20 eV are shown in Figure 3.2. The GdO™ cross section shown in Figure 3.2 has been
corrected for an exothermic tail resulting from a small O impurity (~0.04 %) and the GdC*
cross section has been corrected for overlap in intensity from the GdO™ product ion, as
described in more detail in the Supporting Information (Section 3.9). The data in Figure
3.2 indicate that reactions (3.7) and (3.8) are endothermic with apparent threshold energies
of ~3 and 7 eV, respectively. Both cross sections increase with collision energy, peak near
Do(C-0) = 11.11 eV, and show a decline as expected at higher energies.

3.5.3 CID of GdO* with Xe. The BDE for GdO™ can potentially be measured
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Figure 3.2. Product ion cross sections as a function of center-of-mass (bottom x-axis) and
laboratory (top x-axis) frame kinetic energy for the Gd™ reaction with CO (at a CO pressure
of 0.28 mTorr). The arrow indicates the C-O bond energy of 11.11 eV. Optimized fits for
the experimental GdO™ and GdC* cross sections are indicated by solid lines obtained by
convoluting equation (3.2) with the Gd* and CO kinetic energy distributions. Dashed lines
correspond to the modeled 0 K cross sections (i.e., no convolution over reactant internal
and kinetic energy distributions).

directly from CID of GdO™. Previous studies have indicated that more accurate BDEs are
measured from CID experiments that use Xe as the collision gas than other rare gases.®
Thus, CID of GdO™* was performed with Xe (results shown in Figure 3.3). This yields Gd*
as the only product ion, reaction (3.9).

GdO'+ Xe — Gd'+ O + Xe (3.9)
The energy dependent cross section shown in Figure 3.3 exhibits dissociation beginning

around 8 eV.
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Figure 3.3. Product ion cross sections as a function of center-of-mass (bottom x-axis) and
laboratory (top x-axis) frame kinetic energy resulting from CID of GdO™* with Xe (at a Xe
pressure of 0.30 mTorr). An optimized fit for the Gd™ cross section is indicated by the solid
line obtained by convoluting equation (3.2) with the GdO* and Xe Kkinetic energy
distributions. The dashed line corresponds to the modeled 0 K Gd* cross section (i.e., no
convolution over reactant internal and Kinetic energy distributions).

3.5.4 GdO" reaction with CO. The reverse of reaction (3.5) was studied to obtain
additional thermochemical information for GdO®*. Because reaction (3.5) is clearly
exothermic, the reverse reaction (3.10) must be endothermic and a BDE value for GdO*
can be obtained from modeling the reverse endothermic reaction with equation (3.2).

GdO'+ CO — Gd' + CO, (3.10)
Two product ions, Gd* and GdO", are observed in the reaction between GdO* and CO and

the kinetic energy dependent cross sections for these product ions are shown in Figure 3.4.
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Figure 3.4. Product ion cross sections as a function of center-of-mass (bottom x-axis) and
laboratory (top x-axis) frame kinetic energy for the GdO™ reaction with CO. The arrows
indicate the C-O and Gd*-O bond energies of 11.11 and 7.69 eV, respectively. The solid
line indicates a combined optimized fit for the low and high energy features of the Gd*
cross section resulting from reactions (3.10) and (3.11) obtained by convoluting equation
(3.2) for both processes with the GdO* and CO kinetic energy distributions. Dashed lines
correspond to the modeled 0 K Gd* cross resulting from reactions (3.10) and (3.11)
determined as described in the text.

Two features are observed in the Gd* cross section that have apparent threshold energies
of ~3 and ~8 eV. The low energy feature can be attributed to Gd* being formed through
exchange reaction (3.10). The high energy feature corresponds to Gd* being formed
through CID of GdO™ via process (3.11) and should have an onset near Do(Gd*-O).
GdO"+CO — Gd" + 0 +CO (3.11)

This is supported by the apparent onset around 8 eV, similar to the CID results for GdO*
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using Xe as the collision gas, Figure 3.3.

GdO-" is formed at an apparent threshold energy of 10 — 11 eV, and its cross section
increases until it peaks around 14 eV. This product ion can be formed via the exchange
reaction 3.12; however, the energy at which this cross section peaks is significantly higher
than the expected energy of Do(C-O) = 11.11 eV.

GdO" + CO — GdO, +C (3.12)
This shift to higher energy has also been observed in the analogous reaction between YO
with CO. As discussed there, such a shift could be the result of strong competition with the
CID channel or an indication of an impulsive reaction mechanism.”*® A modified version
of the spectator stripping model for endothermic reactions® can potentially explain this
behavior and can be used to predict at what energy formation and dissociation of the GdO,*
product ion will occur (i.e., at what energy the cross section will begin and decline). In the
spectator stripping model for exothermic reactions, the ion is assumed to interact with only
one of the atoms of a diatomic neutral while the other serves as a “spectator.”®! The velocity
of the spectator atom remains unchanged and linear momentum conservation thus
constrains the possible translational and internal energy of the products. For an
endothermic reaction, the spectator stripping model is modified such that a smaller fraction
of the available energy goes into translational energy as explained previously.”® Assuming
GdO" interacts only with the oxygen atom in CO while the carbon remains a “spectator,”
the model predicts that the GdO,* cross section will have a threshold of 10.1 eV and will
begin to decline at 13.0 eV (using a bond energy of 2.86 eV for OGd*-O obtained from our
GIBMS measurements in progress). These predictions are in qualitative agreement with

both the threshold and the onset of the decline observed experimentally. Thus, the delayed
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formation of GdO," in the GdO* reaction with CO is plausibly explained by an impulsive
reaction mechanism.

3.5.5 GdO* reaction with O2. Two product ions, GdO." and Gd*, are formed in
the reaction between GdO* and O,. Their energy dependent cross sections are shown in
Figure 3.5. GdO;" is formed with an apparent threshold energy of ~2 eV through the
exchange reaction (3.13).

GdO"+ 0, —» GdO, + O (3.13)

—Gd"+0+0, (3.14)

The GdO-" cross section increases and peaks near 5 eV, which agrees well with Do(O-0)
=5.12 eV.” The BDE for GdO," can be obtained from modeling this cross section using
equation (3.2). A detailed analysis of these data and the corresponding BDE for GdO;",
believed here to be the dioxide, will be presented elsewhere. Gd™ is likely formed through
the CID reaction (3.14) rather than by an exchange reaction that would produce Os. This
assignment is supported by the apparent threshold energy for Gd™ near ~8 eV, which is
similar to that observed in the CID of GdO™ using Xe and CO as collision gases, Figures
3.3 and 3.4. A comparison of the Gd™ product ion cross sections that result from CID using
Xe, CO, and O3 as collision gases is shown in Figure 3.6. There is a more gradual increase
in the Gd™ cross section as a function of collision energy for Xe than for both O, and CO,
which exhibit very similar energy dependences. For example, at a CM collision energy of
~10 eV, the measured Gd* cross sections are ~0.02, ~0.08, and ~0.09 x 10°® cm? for Xe,
CO, and O, respectively. This effect can be attributed to Xe having a significantly larger
mass than O, and CO resulting in a different collision velocity for a given CM energy. As

discussed previously, this can be related to the efficiency of translational to vibrational
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Figure 3.5. Product ion cross sections as a function of center-of-mass (bottom x-axis) and
laboratory (top x-axis) frame kinetic energy for the GdO* reaction with O.. The arrow
indicates the O> bond energy at 5.12 eV. An optimized fit for the Gd* cross section is
indicated by the solid line obtained by convoluting with equation (3.2) the GdO* and O
kinetic energy distributions. The dashed line corresponds to the modeled 0 K Gd* cross
section (i.e., no convolution over reactant internal and kinetic energy distributions).

energy transfer, which depends on the collision time, which is inversely proportional to
velocity.'® Thus, the results for Xe give a slower rise in the Gd* cross section because of
the smaller change in the relative velocity with increasing collision energy using this
heavier collision gas. However, the strength of the interaction potential also plays a role
and can explain why Xe (having a relatively large polarizability) can lead to more efficient
energy transfer in the threshold region than other rare gases and typically yields more

accurate threshold CID measurements.6
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Figure 3.6. Comparison of the energy dependent Gd* product ion cross sections from CID
of GdO™ with Xe (black circles), O (red triangles), and CO (blue squares). The optimized
fits for the Gd* cross sections are indicated by the solid lines obtained by convoluting
equation (3.2) with the reactant kinetic energy distributions. The dashed lines correspond
to the modeled 0 K Gd* cross sections (i.e., no convolution over reactant internal and
kinetic energy distributions).

3.6 Thermochemical and Theroretical Results

3.6.1 BDEs from exchange reactions. The Gd* exchange reactions with O, and
CO, to form GdO™ are both exothermic and barrierless (vide supra). Thus, Do(Gd*-O) must
exceed Do(O2) = 5.115 eV and Do(OC-0O) = 5.45 eV.”® In contrast, GdO* is formed
endothermically in the reaction with CO where the CO bond energy is significantly
stronger at 11.11 eV. These observations bracket the GdO* BDE as 5.45 eV < Do(Gd*-O)
<11.11 eV. The GdO* cross section resulting from the endothermic reaction between Gd*

and CO can be modeled with equation (3.2), as shown in Figure 3.2. This yields an Eo value
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of 3.65 + 0.26 eV (dashed red curve in Figure 3.2). Combining the Eg value with Do(C-O)
via equation (3.3) for this exchange reaction gives a 0 K bond energy for GdO* of 7.46 +
0.26 eV. Optimized fitting parameters for these data and for all other endothermic reactions
modeled here are summarized in Table 3.1.

The Gd* reaction with CO, to form GdO™ is exothermic, but the reverse reaction
between GdO* and CO to form Gd* and CO is endothermic. Modeling the low energy
feature of the Gd™ cross section in Figure 3.4 yields a 0 K threshold energy of 2.16 + 0.27
eV (Table 3.1). The BDE for GdO" is obtained by adding Do(OC-O) to the measured Eo
value giving Do(Gd*™-0) = 7.61 £ 0.27 eV, slightly greater but consistent within
experimental uncertainty with Do(Gd*-O) measured from the Gd* and CO reaction.

In the exchange reaction between Gd* and CO, GdC* is additionally formed
endothermically. Modeling of these data (Figure 3.2) results in an Eo value of 7.93 £ 0.18
eV, which corresponds to a 0 K bond energy for GAC* of 3.18 £ 0.18 eV. Similarly, GACO*
is formed endothermically in the reaction between Gd* and CO>. Modeling this product ion
cross section (Figure 3.1b) yields an Eo value of 4.80 + 0.06 eV, which combined with
Do(OC-O) gives Do(Gd*-CO) = 0.65 + 0.06 eV.

3.6.2 BDEs from CID. Three additional values for Do(Gd*-O) are obtained from
modeling the Gd™ cross section data in the CID experiments of GdO™ with Xe, CO, and O-
(Figure 3.6). In these experiments, GdO* dissociates when its internal energy exceeds its
BDE. Thus, the Eg values determined from modeling these Gd* cross sections correspond
directly to the 0 K BDE for GdO™. The CID experiments using Xe and O as collision gases
yield Do(Gd*-O) values of 7.57 + 0.34 and 7.83 + 0.19 eV, respectively. An accurate

threshold energy in the CID experiment of GdO™ and CO is more difficult to obtain because
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of interference from the low energy feature that results from reaction (3.10). Correcting for
this low energy feature by extrapolating the model for the threshold region to higher
energies and subtracting this modeled cross section from the overall Gd* cross section
yields a cross section with a threshold of 9.20 + 0.25 eV for process (3.11) (fit not shown).
This value is ~1.5 eV larger than that obtained from the other two CID measurements,
presumably because the extrapolation of the low-energy model for reaction (3.10) to higher
energies is inaccurate. If the high energy feature is modeled directly, without correcting for
the low energy feature, a threshold of 7.75 £ 0.17 eV is obtained, in good agreement with
the Xe and O2 CID values. This suggests that the Gd™ cross section resulting from reaction
(3.10) exhibits a sharp decline (dashed purple line in Figure 3.4) that starts at the energy
onset for the CID process (3.11), which then completely dominates at the high energies.
The three BDEs obtained from the CID experiments are all consistent, within
experimental uncertainty, with each other and with the values obtained in the exchange
reactions, Table 3.1. The slightly larger Eo values obtained from the CID experiments with
O and CO could possibly be explained by less efficient collision energy transfer, because
these neutrals can carry away vibrational energy. Furthermore, this could be an effect of
the interaction strength between GdO™ and the neutrals where Xe has a polarizability of
3.99 A3 2 a factor of about two larger than that for O, (1.562 A% and CO (1.953 A%),%
leading to more efficient collision energy transfer in the threshold region for the CID
experiments with Xe. For some strongly bound species with few internal degrees-of-
freedom, CID experiments have been shown to yield only upper limits to the true BDEs
because of inefficiencies in collision energy transfer.?282 However, this does not seem to

be the case here because the BDEs obtained from the CID experiments are consistent with
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those measured from the two exchange reactions. Combining all five independent
measurements of Do(Gd*-O) through a weighted average gives a value of 7.69 + 0.10 eV
for the 0 K bond energy of GdO™", where the uncertainty is one standard deviation of the
mean.

3.6.3 Theoretical calculations for Gd*. To test how well different Gd basis sets
and levels of theory perform in predicting the electronic properties of Gd*, energies of the
ground and low-lying excited states for Gd* are calculated using the SDD, ANO, and Seg.
SDD basis sets at the B3LYP, PBEO, and CCSD(T,full) levels of theory. The relative
energies for each state obtained from these calculations are compared with the
corresponding experimental energies'! (which are taken as the average of the spin-orbit
energy levels weighted by the 2J+1 degeneracy for each level such that the °Ds;, ground
level lies 0.123 eV below the average energy of the °D ground state) and are shown in
Figure 3.7 and summarized in the Supporting Information (Section 3.9). The experimental
ground state for Gd* (1°D, 4f" 5d* 6s?) is accurately predicted in the calculations that use
the ANO basis set at all three levels of theory. Additionally, the correct ground state is
predicted using the Seg. SDD basis set at the PBEO and CCSD(T,full) levels of theory.
Poor agreement with the experimental Gd* energy levels is seen for the SDD basis set at
all three levels of theory and for the Seg. SDD basis set using density functional theory
(DFT). The ANO basis set performs reasonably well in reproducing qualitatively the Gd*
energy levels at the B3LYP and PBEO levels of theory. In many of the calculations, the
excitation energy from the °D ground state to the °F state (4f'5d?) is significantly
overestimated. This value exceeds 2.5 eV for the SDD basis set at all three levels of theory

and for the Seg. SDD basis set at the B3LYP and PBEOQ levels of theory as shown in the
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Figure 3.7. Comparison between experimental (dashed lines) and calculated (symbols)
relative energies for the ground state and several excited states of Gd™ at the B3LYP, PBEO,
and CCSD(T,full) levels of theory. The basis sets used for Gd are indicated by squares for
SDD, triangles for ANO, and circles for Seg. SDD. The experimental ground state for Gd*
is indicated by the black dashed line, and the various experimental excited state energies
(obtained from an average over the SO levels weighted by 2J+1) are shown by the red,
purple, blue, and green dashed lines with the corresponding electronic configurations
indicated in the figure.

Supporting Infromation, Section 3.9. The ANO and Seg. SDD basis sets at the
CCSD(T,full) level of theory achieve good quantitative agreement with all experimental
Gd* energy levels. Thus, these calculations will potentially provide the most reliable bond
energies for GdO*, GAC™, and GdCO™ for comparison with the measured experimental
values. Because the smallest basis set for Gd (SDD basis set) performs poorly at all three
levels of theory, results for this basis set are not included in the discussion that follows. For

a more complete discussion of all theoretical calculations, including those for the SDD
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basis set, the reader is referred to the Supporting Information (Section 3.9).

3.6.4 Ground states for GdO*, GdC*, and GdCO" from theory. Calculations
were performed to determine the ground states for GdO*, GdC*, and GdCO™ using the
SDD, ANO, and Seg. SDD basis sets for Gd and the 6-311+G(3df) basis set for O and C
at the B3LYP, PBEO, and CCSD(T,full) levels of theory. The results from these
calculations are summarized and discussed in detail in the Supporting Information (Section
3.9). Calculations using the ANO and Seg. SDD basis sets for Gd predict ground states for
GdO* and GACO* of 8%~ ([10218%1n%16%] 2n* 26°) and °TT ([1¢?18217216'] 2n*2623 7! 36Y),
respectively, with the valence electron configurations indicated in parenthesis and 4f
electrons in square brackets (mostly nonbonding). The valence electrons include the 4f, 6s,
and 5d electrons of Gd* (}°D, 4f"5d6s), the four 2p electrons of O (3P, 2p*), and/or the two
2p electrons of C (3P, 2p?). For GdC*, most calculations predict a °TT ([1¢?15%17%16%]
206127%) ground state. Exceptions are B3LYP and PBE0/Seg. SDD calculations, for which
a 122" state ([19%18%17%16%] 2612n%36?) is found to be lowest in energy, with the 1°IT state
about 1 eV higher in energy. As discussed in detail in the Supporting Information (Section
3.9), B3LYP and PBEO/Seg. SDD results tend to favor electronic states in which the
exchange energy is maximized and appears to be overestimated.

The molecular orbitals (mos) for the ground states of GdO* (8"), GAC* (*°IT), and
GdCO* (*°11) calculated using CCSD(T,full)/Seg. SDD are shown in Figure 3.8a. The mos
for GACO™ are obtained from a single point energy calculation at the CCSD(T,full)/Seg.
SDD//B3LYP/Seg. SDD level. For an internuclear axis along the z direction, the 2z mos
for GdO™ and GAC™ are bonding and arise from Gd(5dx;) and Gd(5dy;) orbitals interacting

with the 2px and 2py orbitals on O or C. The 2p; orbital on O or C forms the 26 bond with
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Figure 3.8. (a) Molecular orbitals (mos) for the ground state configurations of GdO?*,
GdC*, and GACO* determined at the CCSD(T,full) level of theory using the Seg. SDD
basis set for Gd. The mos for GACO™ are obtained from a single point energy calculation
using the B3LYP geometry. (b) Comparison between experimental (solid lines) with
associated uncertainties (dashed lines) and theoretical GdO*, GdC*, and GdCO" bond
energies at the B3LYP, PBEO, and CCSD(T,full) levels of theory using the ANO (filled
triangles) and Seg. SDD (filled circles) basis sets for Gd. The GACO* bond energies at the
CCSD(T,full) level are obtained from single point energies for GACO* using the B3LYP
geometry. BDEs for GdO" and GdC" calculated using the all-electron cc-pVXZ-DK3 basis
sets for Gd* are given by open triangles and circles for X = T and Q, respectively.
Theoretical bond energies are SO corrected as explained in detail in the Supporting
Information (Section 3.9). All BDEs are referenced to the calculated energy of the Gd*
(1°D) state, the experimentally determined ground state.
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the Gd(5d,%) orbital. For GACO*, the valence electrons of C and O form similar mos
(2n*26?) to those for carbon monoxide. However, here the pair of electrons in the 2c orbital
of CO donates into the empty 5d.? orbital of Gd* to form a slightly bonding interaction.
Additionally, a 3= bonding orbital arises from back-bonding of a 5d, electron on Gd*
interacting with the corresponding 2p; orbital of C. Both these interactions in GdCO™ lead
to slightly elongated C-O bond lengths of 1.13 — 1.17 A (Supporting Information, Section
3.9) compared to free CO, which has an experimental (calculated) bond length of 1.128 A
(1.124 and 1.131 A at B3LYP and CCSD(T,full) levels of theory.>* The 36 mo in GACO*
corresponds largely to a nonbonding Gd* 6s atomic orbital with some 5d.? character.
3.6.5 BDEs from theory. Theoretical BDEs for GdO*, GdC™", and GdCO™ are
calculated from the energy difference between the ground states of GdX* and those of Gd*
+ X with X =0, C, or CO. For calculations where the correct ground state for Gd* was not
predicted (B3LYP/Seg. SDD), theoretical BDEs are still referenced to the energy
calculated for the experimental Gd* (*°D) ground state. If the calculated ground state were
used instead, worse agreement between theory and experiment would be obtained. The
energies from theory for a given state correspond to an average energy over all spin-orbit
(SO) levels for that state. Because the experimental values measure the difference between
the ground SO level of reactants and products, a more accurate comparison between the
calculated and experimental BDEs requires making an empirical SO energy correction, as
described in detail in the Supporting Information (Section 3.9). The first-order SO energy
correction to the calculated GdO™ BDE is easily obtained because the ground state for
GdO* is 82~ and thus the calculated BDE needs to be corrected only for the SO averaged

energy of Gd* (0.12 eV) and O (0.01 eV). For GdC* and GdCO", the predicted ground state
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is IT for most calculations. The BDEs calculated for a IT ground state include an additional
SO energy correction of 0.06 eV as described in the Supporting Information (Section 3.9).
This empirical SO correction utilizes the (s¢(Gd™) SO constant, which is calculated by
Professor Michael D. Morse using a modified version of a Hartree-Fock program
developed by Fischer 88 see Supporting Information (Section 3.9). A comparison
between theoretical SO corrected and experimental BDEs for GdO*, GAC*, and GdCO" is
shown in Figure 3.8b and listed in Table 3.2. BDEs for GACO* at the CCSD(T,full) level
in Figure 3.8b and Table 3.2 are calculated from single point energies of the B3LYP
geometry optimized structures for GACO™. BDEs for GACO™" determined from single point
energies using the PBEO optimized GAdCO™ geometries are listed in the Supporting
Information (Section 3.9) and do not differ significantly from those shown in Figure 3.8b
and listed in Table 3.2.

The results in Figure 3.8b and Table 3.2 indicate that the GdO* BDEs are
underestimated by almost 3 eV from the experimental values at the B3LYP/Seg. SDD and
PBEO/Seg. SDD levels, whereas these calculations yield good agreement for the GAC™ and
GdCO" BDEs. Both GAC* and GdCO™ are predicted in these calculations to have ground
state electronic configurations that maximize the exchange energy in contrast with the 8%~
ground state for GdO*. As mentioned above and discussed further in the Supporting
Information (Section 3.9), B3LYP/Seg. SDD and PBE0/Seg. SDD approaches appear to
favor configurations that maximize the exchange energy, such that these calculations
perform poorly in estimating the energy for the GdO* 8<~ ground state. The ANO basis set
is able to reproduce the experimental GAC* and GdCO™ BDEs well at all levels of theory

and similar BDEs are obtained using the Seg. SDD basis set at the CCSD(T, full) level of
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GdCcOo*.?
Level Basis set GdO* GdC* GdCO*
Exp. 7.69 = 0.10 3.18 = 0.18 0.65 £ 0.06
B3LYP ANO 6.85 3.14 0.68
Seg. SDD 4.97 2.87 0.50
cc-pVTZ-DK3 7.06 3.36
cc-pVQZ-DK3 7.06 3.36
PBEO ANO 6.88 3.38 0.89
Seg. SDD 5.01 3.07 0.69
cc-pVTZ-DK3 7.06 3.58
cc-pvVQZ-DK3 7.06 3.58
CCSD(T) ANO 6.91 3.18 0.65
Seg. SDD 6.85 3.18 0.66
cc-pVTZ-DK3 7.22 3.49
cc-pVQZ-DK3 7.52 3.80

2 Calculated BDEs are spin-orbit and zero point energy corrected. BDEs for GACO™ at the
CCSD(T,full) level are calculated from single point energies of the B3LYP geometry

optimized structures for GACO".

theory. These results are consistent with those found for the calculated excited state

energies of Gd* (Figure 3.7). However, the GdO™ BDEs from these calculations are

consistently lower by ~0.8 eV from the experimental value (Figure 3.8b and Table 3.2).

This deviation could be a result of repulsive interactions between the 4f and bonding mos

as a result of insufficient polarization on the 4f orbitals of Gd because the ANO and Seg.

SDD basis sets include only up to g functions. Additional GdO*™ and GdC* BDE
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calculations were performed using the all-electron cc-pVXZ-DKH3 basis sets’”® for Gd,
which include up to h and i functions for X = T and Q, respectively. The results of these
calculations are also summarized in Table 3.2 and shown in Figure 3.8b. Generally, there
is better agreement with experiment for GdO*, especially at the CCSD(T,full) level of
theory, yielding BDEs of 7.22 and 7.52 eV for X = T and Q, respectively (Table 3.2).
However, these calculations also yield larger values for GAC* and thus overestimate its
BDE by up to 0.6 eV for the quadruple-C all-electron basis set at the CCSD(T,full) level of

theory.

3.7 Discussion

3.7.1 GdO*, GdC*, and GdCO* bond energies. The measured BDEs for GdO*,
GdC", and GdCO" are 7.69 + 0.10 eV, 3.18 £ 0.18 eV, and 0.65 + 0.06 eV, respectively.
The large BDE measured for GdO™ is consistent with this ion having effectively a triple
bond, as shown in Figure 3.8a. The strength of lanthanide oxide cation bonds has been
shown by Gibson to inversely correlate with the promotion energy needed to achieve a 5d?
electronic configuration in the lanthanide cation that can then effectively interact with the
four 2p electrons of O.*% This promotion costs approximately 0.55 eV in energy, estimated
from the experimentally measured excitation energy (weighted average over all SO levels)
to the Gd* (1°F, 4f'5d?) state.!*

The BDE measured for GAC™ is somewhat less than half of that for GdO*
suggesting that the bond order for GAC™ is about 1.5 and the bonding interaction is thus
weaker than a double bond. Because C has two fewer electrons than O, GdC* can at most

have a double bond, as suggested by the °IT ground state found for GAC* from theory
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(Figure 3.8a). The weaker interaction in GdC* can be attributed to the lower
electronegativity of C compared with O resulting in bonding mos that are higher in energy
than those for GdO™ (Figure 3.8a).

In the GACO™ complex, CO binds weakly as an adduct to Gd* consistent with the
low bond energy of 0.65 + 0.06 eV. The predicted ground state of GACO*" is °TI, where the
interaction between Gd* and CO arises from one 5d valence electron of Gd* involved in ©
back-bonding with a C(2p) orbital coupled with a small amount of ¢ donation between
CO(20) and Gd(5d,%) (Figure 3.8a). In this configuration, the 6s electron on Gd* (*°D)
remains in this atomic orbital, such that the metal ion essentially maintains its 5d*6s?
ground state electronic configuration. Although this 6s electron forms a largely nonbonding
mo, it must have some repulsive interaction with the 2c mo of CO (the sp hybrid localized
on C), weakening the bonding. The measured BDE of 0.65 + 0.06 eV for GACO" is about
20% that for GAC™ (3.18 + 0.18 eV). Assuming that the bond order for GAC* is 2, this gives
a bond order of at most 0.5 for GACO* consistent with the calculations for the °IT state. In
the 1°%* state of GACO* (see Supporting Information, Section 3.9), the 6s electron is
promoted to a 5d Gd* orbital, such that two 5d Gd* electrons can be involved in & back-
bonding with the C(2p) orbitals and there is no repulsion between the 6s and CO valence
electrons. This state is at most ~0.2 eV higher in energy than the °IT state (disregarding
B3LYP and PBEO/Seg. SDD calculations), and relative to the *°F state of Gd* is bound by
~1.4 eV, a bond order of ~0.9. These results suggest that the promotion energy needed to
achieve a 5d° configuration in Gd* is similar to the energy gained from the interaction
between an additional 5d Gd* electron and the 2p orbital of C in the CO adduct. The

promotion energy to the 5d? Gd* state of 0.55 eV is indeed comparable to the measured
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BDE for GACO" of 0.65 + 0.06 eV.

3.7.2 Thermochemistry compared to the literature. The BDE reported here for
GdO" is the first direct experimental measurement. BDEs for GdO™ have previously been
determined indirectly through Scheme 3.1 as detailed above with values of 7.47 + 0.10
eV, 7.81 £ 0.13 eV, 7.59 + 0.16 eV,** and 7.0 + 1.2 eV** being reported and 7.76 +
0.16 eV suggested here. These derived values are in relatively good agreement (within the
combined uncertainties) with our measured GdO*" BDE of 7.69 + 0.10 eV, with the latter
value agreeing the best. The GdO* BDE reported by Ackermann et al.?° of 7.47 + 0.10 eV
is likely too low because it was determined using a GdO BDE of 6.98 eV, although the
slightly higher IE for Gd of 6.24 eV (instead of 6.14980 eV) also used compensated
somewhat. Because the Ackermann et al. value was included in the average reported by
Chandrasekharaiah and Gingerich,** 7.59 + 0.16 eV, this value is too low as well. The
GdO" BDE of 7.81 + 0.13 eV reported by Murad and Hildenbrand is in good agreement
with the GdO* BDE measured here, whereas the GdO* BDE of 7.0 + 1.2 eV* is
significantly lower than our measured value because it was determined using a much too
high value of IE(GdO).

The GdO™ BDE measured here can be combined through Scheme 3.1 with the well-
known IE of Gd and the GdO BDE of 7.36 + 0.13 eV to evaluate the IE of GdO, which
is not well-established. This gives an IE for GdO of 5.82 £+ 0.16 eV, consistent with 5.75 +
0.1 eV obtained from the electron ionization measurements.?® This comparison also verifies
that the rough ionization energy values of 6.5 + 0.8% and 6.7 + 0.5 eV32 are much too high.

3.7.3 Periodic trends. Gd* with its 4f'5d'6s! ground state valence electron

configuration, like La* (5d?) and Lu* (4f*6s?), is unusual compared with most other
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lanthanide cations, which have 4f"6s* configurations (where n corresponds to the number
of remaining valence electrons). Instead, Gd™ (excluding the half-filled 4f shell) is more
similar to the isovalent group 3 metal cations Sc* (3d*4s?) and Y* (5s%, with the 4d5s!
excited state only 0.15 eV higher in energy), which have similar valence electron
configurations. A comparison between the oxide, carbide, and carbonyl BDEs for Gd* with

those previously measured'®?28 for Sc* and Y* is shown in Figure 3.9. Figure 3.9 also
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Figure 3.9. Comparison of the Gd* oxide, carbide, and carbonyl bond energies measured
here with those previously measured for the group 3 metal ions Sc*and Y*.182280 Also
included are oxide BDEs for La* and Lu* obtained from the literature.***® Dashed lines
correspond to Gd™ BDEs including the uncertainty and are used as guides for the eye to
facilitate comparison. Open symbols indicate the intrinsic BDE for the oxides and carbides
determined by adding the promotion energy needed to achieve a d2 electronic configuration
from the ground state in the metal cation, see text.
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includes the BDEs obtained from the literature**® for LaO* and LuO" (carbide and
carbonyl values have not been determined). The results in Figure 3.9 indicate that the oxide,
carbide, and carbonyl BDEs measured for Gd* here are similar to those for Sc* and Y*. In
contrast, the corresponding oxide BDEs for La* and Lu* are greater and smaller,
respectively, than the GdO™ BDE. The similarities and differences in these BDEs can be
rationalized on the basis of the ground state valence electron configurations of the metal
cations, invoking a promotion energy concept to achieve a reactive d? configuration in the
metal cation as was done by Gibson for the lanthanide series.*® Because of their similar
configurations, Sc*, Y*, and Gd" react and bind similarly in these complexes, where a
single s electron needs to be promoted to a d orbital for effective binding (from the low-
lying excited state for Y*). The relatively stronger oxide bond of LaO* compared with that
of GdO* can be attributed to La* already having the favorable 5d? electronic configuration
needed to bind effectively with the oxygen atom, such that there is no promotion energy
cost.”® Likewise, the significantly smaller LuO* bond energy can be explained by the Lu*
ground state valence electron configuration. Here both 6s electrons need to be promoted to
5d orbitals for efficient binding with an oxygen atom,*® with the promotion energy being
appreciable at 3.87 eV.!! The differences in the ground state electronic configurations
between La*, Gd*, and Lu" result from the different number of electrons occupying the 4f
shell (empty, half, and completely-filled 4f shell, respectively) such that the 6s orbital
becomes favored over a 5d orbital with increasing number of 4f electrons.

Because the results indicate that effective binding for the oxides and carbides
occurs by achieving a d? electronic configuration in the metal cation, an “intrinsic” oxide

and carbide BDE for these metal cations can be determined by adding the promotion energy
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to the measured BDEs,* open circles in Figure 3.9. The oxide values show significant
variability suggesting that there are other effects besides the promotion energy that affect
the oxide BDE strength (e.g., orbital overlap). Here, the average intrinsic oxide BDE for
the group 3 metal cations and La*, Gd*, and Lu* is 8.45 *+ 0.59 eV. This intrinsic oxide
BDE is comparable to the literature BDE for LaO™ (8.78 eV), which should be a good
estimate because the promotion energy cost for La* is zero, as previously suggested by
Gibson.*® In contrast to the oxides, the intrinsic carbide BDEs are relatively constant with
an average value of 3.87 + 0.13 eV for the group 3 metal cations and Gd*. As stated above,
the LaC* and LuC" BDEs have not been determined but can be estimated invoking a
promotion energy argument. Thus, the LaC* BDE should be in the vicinity of the intrinsic
BDE of 3.87 eV determined here, whereas the LuC* BDE should be very weak because the
d? promotion energy cost for Lu* is comparable to this intrinsic carbide BDE. On the basis
of similar arguments, the carbonyl BDEs for La" and Lu* are expected to show similar
trends and be larger and smaller, respectively, relative to the GdACO™ BDE. Indeed, on this
basis, any interaction between Lu* and CO has to be electrostatic in nature because the
promotion energy to 5d orbitals is far too costly.

3.7.4 Gd chemi-ionization reaction. The GdO* BDE (7.69 *+ 0.10 eV) can be
combined with the well-established IE for Gd of 6.14980 eV'®!! to determine the
exothermicity of the Gd chemi-ionization reaction through thermodynamic cycle 1) in
Scheme 3.1. This gives an exothermicity of 1.54 + 0.10 eV. The exothermicity determined
here is more precise but consistent (within experimental uncertainty) with the values of
1.61+0.16,1.23+0.28,0.9+ 1.0, and 0.5 + 1.0 eV eV?**"“? and 1.50 + 0.27 eV* that can

be determined from the literature. The results here confirm that the Gd chemi-ionization
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reaction is significantly exothermic and should be efficient. Thus, Gd could potentially be
a good candidate for producing localized electron dense plasmas in the ionosphere via

reaction (3.1).

3.8 Conclusions

The BDEs for GdO*, GdC*, and GACO™ are measured from GIBMS experiments
to be 7.69 + 0.10 eV, 3.18 + 0.18 eV, and 0.65 = 0.06 eV, respectively. These bond
strengths indicate bond orders of about 3, 1.5 to 2, and 0.5 for GdO*, GdC™, and GdCO",
respectively, consistent with the theoretical ground state electronic configurations for these
complexes. Good agreement between theoretical and measured BDEs for GdC* and
GdCO" is obtained using DFT and coupled cluster theory with the quadruple-( quality
ANO or Seg. SDD basis set for Gd and the 6-311+G(3df) basis set for O and C. In contrast,
the GdO™ BDEs are underestimated significantly in these calculations. Good agreement
with the measured BDE for GdO™ is obtained using correlation consistent all-electron basis
sets for Gd and coupled-cluster theory; however, these same calculations overestimate the
GdC* BDE. The well-established experimental method used here combined with the small
number of atoms in the Gd* complexes investigated make the measured BDEs for these
complexes a useful benchmark for theoretical calculations.

Measured BDEs for the Gd* complexes are found to be comparable to those for the
group 3 metals Sc* and Y*. This is attributed to their similar electronic configurations (ds?,
ignoring the half-filled 4f shell of Gd™), which lead to similar reactivity and binding in the
corresponding complexes. Additionally, the GdO™ bond energy is found to be smaller and

larger than literature values for La* (4f°) and Lu* (4f'%), respectively. These differences
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arise from the systematic change in the ground state electronic configuration for La* (5d?),
Gd* (5d'6s'), and Lu* (6s?) with increasing number of 4f electrons. The oxide BDEs
correlate with the energy needed to achieve a 5d? configuration in the metal for effective
binding with the oxygen atom. This cost is zero for La* resulting in the strongest oxide
bond, and increases systematically for Gd* (0.55 eV) and Lu* (3.87 eV) leading to weaker
oxide bonds. On the basis of these results, the carbide and carbonyl BDEs for La* and Lu*
(which have not been determined) are expected to be larger and smaller, respectively, than
those for the corresponding Gd* complexes.

The GdO* BDE measured here combined with the well-established ionization
energy for Gd is used to evaluate the exothermicity of the Gd chemi-ionization reaction.
From these results, an exothermicity of 1.54 + 0.10 eV is obtained that is consistent with,
but more precise than, previous values. The results here confirm that the Gd chemi-
ionization reaction is significantly exothermic and should be efficient. Gd is also a fairly
abundant rare earth metal and should thus be relatively inexpensive. This makes Gd a
potential candidate to be used in atmospheric chemical release experiments for creating

localized electron enhanced plasmas.

3.9 Supporting Information

3.9.1 Gd" reaction with CO. Uncorrected data for the product ion cross sections
resulting from the Gd* and CO reaction are shown in Figure 3.10. There is a minor
exothermic feature in the GdO™ cross section that is attributed to an O impurity as it
exhibits similar kinetic energy dependence as the GdO™ cross section in the Gd™ reaction

with O; (Figure 3.1a). The exothermic feature can be reproduced by properly scaling the
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Figure 3.10. Product ion cross sections as a function of center-of-mass (bottom x-axis) and
laboratory (top x-axis) frame kinetic energy for the Gd* reaction with CO at a pressure of
0.28 mTorr. The arrow indicates the C-O bond energy (11.11 eV). The exothermic tail in
the GdO™ cross section is caused by a small amount (0.04%) of O2 impurity. The low
energy feature in the GAC™ cross section results from overlap in intensity from the abundant
GdO" product ion and is corrected for by appropriately scaling the GdO* cross section
(dark cyan line) to fit the low energy feature prior to obtaining Eo. Corrected GdO™ and
GdC* cross sections are shown in Figure 3.3.

GdO" cross section down by a factor of 2500 from Figure 3.1a (solid red line in Figure
3.10). Accurate threshold energies can be obtained from these data by subtracting out this
scaled GdO™ cross section. The corrected GdO™ cross section that results solely from the
Gd* + CO reaction is shown in Figure 3.3 above. The amount of O impurity could be
reduced significantly, but could not entirely be eliminated and is estimated to be ~0.04%

in the data shown here from the scaling factor.
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There is a low energy endothermic feature in the GAdC™ cross section shown in
Figure 3.10, which has an apparent threshold energy of ~4 eV and does not exceed a cross
section of ~1.5 x 108 cm?. This feature is an artifact caused by overlapping intensity from
the abundant GdO™* product ion. For accurate threshold energies to be measured with
guided ion beam mass spectrometry, ion transmission and sensitivity need to be high and
therefore resolution is kept relatively low.'? To obtain an accurate threshold energy for
forming GdC™ from these data, the energy dependent GdO* cross section is scaled down
by a factor of 67 and subtracted from the GAC* cross section (dark cyan line), effectively
removing this artificial low energy feature, as shown in Figure 3.3.

3.9.2 Theoretical calculations. Calculations are performed to evaluate how well
different basis sets and levels of theory predict the Gd* ground state and excited state
energies in order to deduce how reliable these calculations are in determining ground states
for GdO™, GdC*, and GACQO". The SDD, ANO, and Seg. SDD basis sets for Gd and the 6-
311+G(3df) basis set for O and C are used with calculations performed at the B3LYP,
PBEO, and CCSD(T,full) levels of theory. Excited state energies for Gd™ from these
calculations are summarized in Table 3.3 and compared with the corresponding
experimental values in Figure 3.7 and discussed in detail above. Computed energies,
vibrational frequencies, and bond lengths for several different electronic states of GdO™,
GdC", and GACO" are listed in Tables 3.4 through 3.6, respectively.

For all three levels of theory and basis sets for Gd, calculations predict that the
ground state for GdO* is 8%~ with a valence electron configuration of [1$?16%17%16%] 2n*
202 (Table 3.4). The valence electrons are the seven 4f electrons (in square brackets) and

the 5d and 5s electrons of Gd* (1°D, 4f'5d6s) and the four 2p electrons of O (°P, 2p*). For
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an internuclear axis along the z direction, the 2z mos are bonding and arise from Gd(5dxz)
and Gd(5dy;) orbitals interacting with O(2px) and O(2py) orbitals, respectively. The 2c
orbital is formed from the O(2p,) and Gd(5d.?) orbitals. The first excited state for GdO™ is
calculated to be the °TT state ([10?18%1n%16%] 26%2n%36%) with relative energies ranging
from 1.0 to 3.3 eV above the 8Z~ground state (Table 3.4). In this configuration, the 36 mo
is largely nonbonding and comprises mainly the Gd* 6s atomic orbital with some 5d?
character. The smallest energy difference (~1 eV) between the ground 8=~ and excited *°IT
states is obtained for the Seg. SDD basis set at the B3LYP and PBEO levels of theory. This
Gd basis set combined with DFT tends to prefer electronic states in which the exchange
energy is maximized, as is also seen in the results for GdC* and GACO*. The GdO* %%~
([19%15%17n°16%] 26'2n*36%) excited state where the 27 (instead of the 26) bonding orbital
is fully occupied results in slightly higher but comparable excitation energy to that for the
1977 state. Flipping the spin of the electron in the 3c orbital in the °IT state to give the ®I1
state results in an additional increase in the excitation energy of about 0.3 eV at
theCCSD(T,full) level of theory, and this is also the case for flipping the spins of the
electrons in the 26 and 36 orbitals in the 1°Z state to give the ®T~ state. Changing the spin
of one of the 4f electrons increases the excitation energy substantially, where the °A
[16%15317%] 26%2n* state is predicted to be about 5 eV higher in energy than the GdO* 8%~
ground state at the CCSD(T,full) level of theory.

The ground state for GAC™ is more difficult to ascertain from the calculations
because there are several low energy states. For the Seg. SDD basis set at the B3LYP and
PBEO levels of theory (Table 3.5), the 123* state ([1¢21821n16%] 26'2n%36%) is found to be

lowest in energy. The character of these mos is the same as those for GdO*. For the SDD
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and ANO basis sets, the predicted ground state is *°IT ([16?18%1n%16%] 26*27°) at all levels
of theory and this is also the ground state determined at the CCSD(T,full)/Seg. SDD level
of theory. This °IT state is calculated to be about 1 eV higher in energy than the 2X* state
for the Seg. SDD basis set using DFT. These results again indicate that the Seg. SDD basis
set combined with DFT favors electronic states in which the exchange energy is
maximized. Good quantitative agreement with the experimental Gd* excited state energies
was obtained only for the ANO and Seg. SDD basis sets at the CCSD(T,full) level of
theory. Thus, these combinations should potentially be most accurate in predicting the
ground state for GAC*, here °T1. Taking into account first-order spin-orbit (SO) energy
corrections described below lowers the energy for the 1°IT state relative to that for 23* by
0.06 eV. Calculations indicate that both the °t* ([1¢?18%1n%1c'] 20%2n?) and 8%~
([14218%17216] 2n*) states for GAC™ are higher in energy for all basis sets and levels of
theory by ~0.4 to 0.7 and ~0.6 to 3 eV, respectively. These two X states are higher in energy
than the ®I1 (°IT) state that results from flipping the spin of the electron(s) in the 2 (26 and
2m) orbital(s) in the °IT ground state.

Similar difficulties to those for GAC™ are encountered in determining the ground
state for GACO*, where CO binds as an adduct to Gd*. Two different electronic states are
predicted to be the ground state depending on the basis set and level of theory used and
several states are close in energy (Table 3.6). Only single point energies are computed at
the CCSD(T,full) level of theory using the geometries from the B3LYP and PBEO
calculations. Zero point energy corrections use the scaled frequencies determined for the
corresponding level of theory. In all calculations, the valence electrons of C and O in

GdCO™ form similar mos to those for carbon monoxide with resulting bond lengths ranging
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from 1.13 — 1.17 A (summarized in Table 3.6) in good agreement with the experimental
(calculated) bond length(s) of 1.128 A (1.124 and 1.131 A at B3LYP and CCSD(T,full)
levels of theory) for CO. These calculations indicate that the interaction between Gd* and
CO arises from the 6s and 5d valence electrons of Gd™. If both valence electrons are in 5d
orbitals, they engage in © back-bonding with the C(2p) orbitals, giving a 1°Z* state that
correlates with the Gd* (‘°F, 4f'5d?) state. Alternatively, if one electron remains in the 6s
atomic orbital to form a mainly nonbonding 3¢ mo, a 1°IT state results. Either one of these
two states is predicted to be the ground state for GdCO* depending on the basis set and
level of theory used. If first-order SO energy effects are taken into account, the °IT state is
lowered slightly in energy (0.06 eV) relative to the 1°* state making it the favored ground
state for all calculations except for the SDD basis set at the CCSD(T,full) level of theory
using the B3LYP geometry. The 1°Z* state is higher in energy by at most ~0.20 eV for all
calculations except those that use the Seg. SDD basis set with DFT where this state is
significantly higher in energy. As was observed for GdAO™ and GdC™, the Seg. SDD basis
set combined with DFT tends to favor states that maximize the exchange energy and thus
these calculations predict the GdCO* %%+ state to be 2.56 and 3.81 eV higher in energy
than the °IT state for B3LYP and PBEO, respectively.

3.9.3 Theoretical BDEs using the SDD basis set for Gd. A comparison between
experimental and theoretical BDEs is shown in Figure 3.11, which unlike Figure 3.8b also
includes results from calculations that use the SDD basis set for Gd. This basis set
performed poorly at all three levels of theory (B3LYP, PBEO, and CCSD(T,full)) in
predicting correctly the °D ground state for Gd* (Table 3.3). The BDEs in Figure 3.11 for

this basis set are referenced to the energy of the calculated °D state even though this state
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| | |
|Gd: SDD (m), ANO (A), Seg. SDD (@)
10, C: 6-311+G(3df)

10

B3LYP PBEO CCSD(T,full)

Level of Theory

Figure 3.11. Comparison between experimental (solid lines) with associated uncertainties
(dashed lines) and theoretical GdO*, GAC", and GACO" bond energies at the B3LYP,
PBEO, and CCSD(T,full) levels of theory using the SDD (square), ANO (triangle), and
Seg. SDD (circle) basis sets for Gd. The GACO* bond energies at the CCSD(T, full) level
are obtained from single point energies for GACO™" using the B3LYP geometry. Theoretical
bond energies are SO corrected. Closed symbols correspond to calculated bond energies
referenced to the calculated energy of the Gd* (}°D) state, which is the experimentally
determined ground state for Gd*. Open squares correspond to calculated bond energies
referenced to the calculated Gd* ground states for the SDD basis set of Gd.

was not determined to be lowest in energy, and had calculated excitation energies of 1.56,
1.15, and 0.42 eV at the B3LYP, PBEO, and CCSD(T,full) levels of theory, respectively
(Table 3.3). The results in Figure 3.11 indicate that the SDD basis set at all levels of theory
overestimates the BDEs for GdO™, GdC*, and GdCO™. This can partially be attributed to
the calculated 1°D state not being identified correctly as the ground state for Gd*, but rather

is significantly higher in energy, especially for the DFT calculations, than the lowest energy
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state found (Table 3.3). If the calculated ground states were used instead, better agreement
with the experimental values would generally be obtained as shown in Figure 3.11 where
these BDEs are indicated by the open squares.

3.9.4. Spin-orbit (SO) energy correction. The energies obtained from the
guantum chemical calculations correspond to an average over all SO levels for a given
electronic configuration. In contrast, the guided ion beam experiments measure energy
differences between the ground state SO levels of reactants and products. Thus, for a more
accurate comparison between theoretical and experimental BDES, an empirical SO energy
correction is employed, as done previously for other heavy metals.?*2"# For Gd* and the
neutral reactants, the SO energy correction to the calculated energies is determined from a
weighted average of the experimental SO levels. For example, the SO energy correction
for the ground states of Gd* (:°D) and O (°P) is 0.123 eV and 0.010 eV, respectively.'! For
GdO*, GdC*, and GACO*, the first-order SO energy is given by ES° = A A Ms where A is
the SO splitting constant, A is the orbital angular momentum quantum number, and Ms IS
the spin quantum number for a specific SO level Q = A + Ms. For £ (A = 0) or singlet
states (Ms = 0), the first-order SO energy correction is zero. ES° can also be calculated by
summing the SO energy contributions from each electron i using E®© = X ajeliesi where ai
is the splitting constant, |; is the orbital angular momentum, and s; is the spin of electron i,
respectively. Here, aj is approximated as (sq(Gd™) or (a¢(Gd™), corresponding to either the
atomic SO splitting constant for a 5d or 4f electron of Gd*. The (s¢(Gd™) and (s#(Gd™) SO
constants were calculated as 956.7 and 1712.7 cm™ by Professor Michael D. Morse using
a modified version of a Hartree-Fock program developed by Fischer.83# This value is

slightly higher but comparable with the 4f spin-orbit splitting constant of 1456 cm™ for
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Gd.8

The first-order SO energy correction for GdO*™ and GdC* where A # 0 can be
estimated using the values for {sa(Gd*) and Guf(Gd*) and ESC = A A Ms = X ajelissi. For
example, the SO energy correction for the GdO* °1T state ([1¢?18%22n%2616°1n°36%) is
4.5 A(*°IT) = -0.5 {sa(Gd*) = -478.4 cm™™. The °TTy, state is lower in energy by 478.4 cm™
(0.059 eV) from the unperturbed GdO* 1°IT state. The SO splitting constant A(*°IT) is 106.3
cm from 478.4 cm™/4.5. For comparison, the experimentally measured energy difference
between the °T1y and °IT; state for neutral GdO is 291 cm™2%87 giving an SO splitting
constant of A’IT) =291 cm™/3 = 97 cm® in good agreement with that for the °IT state of
GdO" determined here. Tables 3.4 — 3.6 list the SO corrected bond energies and relative

energies for the various electronic states of GdO*, GdC*, and GdCO".
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CHAPTER 4
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4.2 Abstract

Guided ion beam tandem mass spectrometry is used to measure the kinetic energy
dependent cross sections for reactions of the lanthanide metal gadolinium cation (Gd*) and
GdO* with Oz and for collision-induced dissociation (CID) of GdO,* with Xe. Gd* reacts
with O in an exothermic and barrierless reaction to form GdO* and O. GdO;" is also
formed in this reaction, but this product ion is formed in a sequential reaction, as verified
by pressure dependent measurements and comparison with the results for the reaction of
GdO* with Oz. The CID experiments of GdO," indicate the presence of two GdO,"
precursor ion populations, assigned to a weakly bound oxygen molecule adduct (Gd*-O5)
and an inserted cyclic Gd* dioxide species (O-Gd*-O). Analysis of the resulting product
ion cross sections yields bond dissociation energies (BDE, Do) for Gd*-O, and OGd*-O,
where the latter BDE is also independently measured in an exchange reaction between
GdO" and O,. The CID experiments also provide the energy of the barrier for the
rearrangement of the Gd*-O adduct to the inserted O-Gd*-O structure (as identified by
loss of a single oxygen atom). The thermochemistry measured here yields Do(OGd*-0O) =
2.86 £ 0.08 eV, Do(Gd*-02) = 0.75 + 0.11 eV, and a barrier height relative to Gd*-O; of
0.31 £0.07 eV. These data are sufficient to characterize in some detail the potential energy
surface of the Gd™ reaction with O entirely from experiment. Theoretical calculations are
performed for comparison with the experimental energetics and for further insight into the

reaction mechanisms.
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4.3 Introduction

Oxygen binding and reactivity with metals play a pivotal role in many biological
and catalytic processes. Numerous experimental and theoretical studies have thus focused
on investigating various metal oxide complexes formed as intermediates or products in
these processes.! A different application of metal oxides has been explored by the Air Force
Research Laboratory, where there has been a longstanding interest in creating localized
electron enhanced plasmas in the atmosphere that can be used to prevent disruptions in
satellite communications from natural electron density fluctuations.? One possibility for
generating such plasmas is by releasing metals in the atmosphere that can react with
available oxygen atoms via the chemi-ionization reaction (4.1).?

M+0— MO"+e 4.1)

Literature thermochemistry®® suggests that only a few metals, many of them
lanthanides, undergo reaction (4.1) exothermically. These metals are rare because they
must have a greater MO bond dissociation energy (BDE, Do) than ionization energy (IE).>
In recent work, we measured the thermochemistry for reaction (4.1) in the cases of Sm*
and Gd* using guided ion beam tandem mass spectrometry (GIBMS).5" This technique®®
has been shown to provide reliable thermochemical information and insights into the
reaction mechanisms for many metal oxidation reactions including the reactivity of O, with
atomic cations of several main group metals, %! first,128 second,'"1%-2* and third®>=° row
transition metals, lanthanides,®"!” and actinides.!

Our recent GIBMS results for Gd indicate that reaction (4.1) is significantly
exothermic for this metal and thus Gd could be a good candidate for the Air Force

experiments.” However, in the atmospheric chemical release experiments, the metal oxide
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cation can potentially react further to form the metal dioxide cation via reaction (4.2) or
(4.3), which could affect the plasma and the electron density produced.
MO* + O — MO;* (4.2)
MO* + O, — MO* + O (4.3)
Thus, determining this thermochemistry (i.e., the metal dioxide cation BDE) can provide
additional insight into the usefulness of Gd for atmospheric chemical release. The BDE for
GdO2* has been reported as 2.60 eV in a compilation of thermochemistry by Schofield,®
although no details are given about how this value was determined. This BDE appears to
have been deduced indirectly from a thermodynamic cycle involving Do(OGd-0),
IE(GdO2), and IE(GdO). The same report by Schofield?® gives an IE for GdO of 5.75 eV
(uncertainty of 0.1 eV), which corresponds to a value measured by Ackermann et al.,* and
an IE for GdO2 of 9.5 eV (uncertainty of 1.0 eV), which is in agreement with a value
obtained by Kordis and Gingerich® and subsequently reported by Cockett et al.3* in their
compilation of lanthanide dioxide thermochemistry. Cockett et al.** have also reported
BDEs for the neutral lanthanide dioxides based on empirical estimates from Kordis and
Gingerich,* suggesting a BDE for OGd-O of 6.4 + 1.1 eV. Using this BDE combined with
the IEs for GdO and GdO> would give a BDE for GdO;" of 2.60 + 1.5 eV, in agreement
with the value reported by Schofield. However, there seems to be no direct experimental
measurement for the BDE of GdO>". Furthermore, the IE and BDE values for GdO from
Kordis and Gingerich and Cockett et al. used in the derivation of the GdO," BDE may have
questionable accuracy. For example, these authors predicted a BDE for LaO, of 7.5 £ 1.0
eV;*33 however, a direct measurement using GIBMS indicated a significantly lower BDE

of 4.20 + 0.33 eV.Y Similar discrepancies have been found between the BDEs measured
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for ScO, and YO, using GIBMS'’ and those predicted by Kordis and Gingerich.*® In
addition, Cockett et al.® estimated the IE for LaO; to be 9.5 + 0.5 eV, whereas the IE for
LaO, was found to be lower at 8.11 + 0.33 eV from GIBMS measurements.'” This lower
value is more consistent with IE values for ScO. and YO of 8.66 + 0.20 eV and 8.23 +
0.16 eV, respectively, also reported in the GIBMS study. Because Gd has a half-filled 4f
shell and is isovalent (disregarding the 4f electrons) with Sc, Y, and La, it should exhibit
similar reactivity and binding as these metals. Thus, a BDE of 6.4 £ 1.1 eV and an IE of
9.5 eV for GdO:. are likely too large and are expected to be more similar to the values
measured for the Sc, Y, and La dioxide molecules.'’

Here, GIBMS is used to study reaction (4.3) directly and to measure the 0 K BDE
for Gd*-O2 and OGd*-O from exchange and collision-induced dissociation (CID) reactions.
This thermochemistry, together with our recently measured BDE for GdO*,” is used to map
the potential energy surface for the Gd* reaction with O entirely from experiment.
Theoretical calculations are performed for comparison with experiment and for insight into
the reaction mechanisms to characterize the Gd* reaction with O- in detail. Experimental
results are compared with those for the group 3 metal cations, Sc* and Y*, and the

lanthanides La™ and Lu™ and periodic trends are discussed.

4.4 Experimental and Theoretical Methods

4.4.1 Experiments. The guided ion beam tandem mass spectrometer and
experimental procedure used have been discussed in detail elsewhere.°2® Briefly, singly
charged Gd precursor ions were formed from Gd foil (Sigma-Aldrich, St. Louis, MO) using

a direct current flow tube (DC/FT) ion source. A DC discharge voltage ranging from -1100
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to -2000 V was applied to a Ta holder containing the Gd foil. A 90:10% mixture of He:Ar
gas was introduced in the source at a pressure of ~0.4 Torr. Singly charged Ar ions formed
via the DC discharge were accelerated into the Gd cathode, sputtering singly charged Gd*
ions. GAO™ and GdO:" precursor ions were produced by introducing O2 gas in the source
about 15 cm downstream from the DC discharge source. These precursor ions underwent
~10° collisions with the He and Ar carrier gas mixture in a meter long flow tube and are
assumed to be thermalized to the temperature of the flow tube (~300 K). lons were
skimmed, focused, and subsequently mass selected using a magnet momentum analyzer
where the heaviest 1%°Gd isotope (at least 2 Da heavier than all other isotopes) was chosen
to ensure adequate mass separation. Prior to entering a radio frequency octopole ion beam
guide, the mass-selected precursor ions were decelerated to a desired Kkinetic energy.
Neutral reactant gases (O or Xe) were introduced into a reaction cell that surrounds the
octopole ion beam guide at pressures ranging from ~0.1 to 0.4 mTorr. These pressures were
sufficiently low to ensure that single collisions dominated in the reactions, a conclusion
verified by measurements of the cross sections at different pressures. With one exception,
explicitly mentioned and analyzed in detail below, the cross sections measured here
exhibited no pressure dependence. The precursor ions entered the octopole with well-
defined kinetic energies and passed through the reaction cell where they reacted with the
neutrals. The precursor and resulting product ions were subsequently extracted, mass
analyzed using a quadrupole mass filter, and a Daly detector® measured their intensities as
a function of precursor ion Kinetic energy in the lab frame. Product ion intensities were
corrected for any background reaction not occurring in the cell and were converted to

product ion cross sections as a function of energy in the center-of-mass (CM) frame as
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described elsewhere.®” The uncertainty in the absolute product ion cross sections is
estimated to be + 20%.%" Using a retarding technique, the precursor ion kinetic energy
distributions were measured to have a full width at half maximum of approximately 0.5 eV
in the lab frame and an absolute zero in the energy scale calibration having an uncertainty
of £ 0.1 eV in the lab frame.

4.4.2 Data analysis. As explained in detail previously,®3® the measured product ion
cross sections resulting from endothermic processes were modeled with a modified line-

of-centers equation (4.4) to determine the 0 K threshold energy, Eo, of the reaction.
o(E) =0y Z g.(E+E;-Ey)"/E (4.4)
i

Here, E corresponds to the CM kinetic energy, oo is a scaling factor, n determines the shape
of the cross section, E; is the rotational and vibrational energy of the reactants for state i,
and gi is the population degeneracy for that state (Xgi = 1). Vibrational frequencies and
rotational constants needed for calculating E; are obtained from the NIST Webbook® (Oy)
or from quantum chemical calculations (GdO* and GdO,") as described below. Prior to
comparison with the experimental cross sections, equation (4.4) was convolved with the
reactant kinetic energy distributions. Optimized fits to the experimental cross sections were
obtained by varying Eo, 6o, and n using a nonlinear least-squares method. Uncertainties in
Eo values were determined from optimized fits to several independent data sets for a range
of n values that can reproduce the experimental cross section and also include the £ 0.1 eV
uncertainty in the lab frame energy scale. In exchange reactions (i.e., M* + AB — MA" +
B), the product ion cross section begins to decline at energies greater than the BDE of the
AB neutral because there is sufficient energy to dissociate the product ion. This decline in

the cross section was modeled using a modified form of equation (4.4) that includes the
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dissociation probability, as explained elsewhere.*

In endothermic exchange reactions, if there are no barriers in excess of the
endothermicity of the reaction, the BDE of the product ion can be determined from
expression (4.5) using the measured Eo value and the neutral BDE.

Dy(M™-A) = Dy(A-B) - E, (4.5)
For collision-induced dissociation (CID) experiments, i.e., MA" + Xe — M* + A + Xe, the
measured Eo corresponds directly to the BDE of the precursor ion, i.e., Do(M*-A).

4.4.3 Theoretical calculations. Quantum chemical calculations were performed
using the Gaussian09 suite of programs*! to determine the energies for ground and low-
energy states of GdO," for comparison with the experimental thermochemistry. Extensive
calculations including relaxed potential energy scans for GdO-" as a function of the O-Gd*-
O angle were carried out with density functional theory (DFT) at the B3LYP*2*3 [evel using
the relativistic Stuttgart Dresden** (SDD) effective (28 electron) core potential (ECP) and
the atomic natural orbital* (ANO) basis set for Gd and the Pople 6-311+G(3df) basis set
for O. These basis sets and level of theory were chosen becuase the calculations are
computationally inexpensive and our previous results have indicated that they provide
reasonable BDEs with similar values obtained using coupled cluster theory at the
CCSD(T,full)* [evel for the ANO or segmented® SDD basis sets for Gd.” Calculations
utilizing the 2"-order Douglas-Kroll-Hess Hamiltonian (DKH2)%1%2 and the cc-pVXZ-
DK3 (with X = T and Q) all-electron basis sets®® for Gd developed by the Peterson group
with the corresponding aug-cc-pVXZ-DK basis set for O performed slightly better in
reproducing the GdO* BDE." Here, additional calculations using the ANO basis set and the

SDD ECP or the cc-pVXZ-DK3 with X = T and Q all-electron basis sets for Gd at the
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density functional (B3LYP, PBE0®**®) and coupled cluster (CCSD(Tfull)) levels of theory
were performed and evaluated against the experimental thermochemistry obtained for
GdO,". With the exception of the cc-pVXZ-DK3 basis sets for Gd, which were obtained
from Professor Kirk A. Peterson, all other basis sets (and ECP) were obtained from the
EMSL basis set exchange.®>" For all levels of theory and basis sets, zero point energies
were calculated using frequencies scaled by 0.989.% Theoretical BDEs for Gd*-O; and
OGd*-O were obtained from the energy difference between the calculated ground states of
the corresponding bound and dissociated GdO;" species. Rotational constants and
vibrational frequencies for GdO*, Gd*-O2, and OGd*-O necessary in the modeling of the
experimental cross sections were taken from B3LYP calculations that use the ANO basis

set and SDD ECP for Gd.

4.5 Experimental and Theoretical Results
4.5.1 Gd* reaction with Oz to form GdO" and O. In the reaction between Gd*
and O, the GdO™ product was formed with significant abundance. Its energy dependent
cross section is shown in Figure 4.1a at two different O» pressures. The GdO™ cross sections
measured at the two O pressures are practically identical indicating that GdO™ is formed
according to reaction (4.6) via single collisions at both pressures:
Gd'+0, > GdO" +0 (4.6)
The magnitude of the GdO™ cross section exceeds 100 A? at the lowest collision energy
examined (~0.02 eV) and decreases with increasing energy. This is consistent with GdO*
being formed via an exothermic and barrierless reaction as previously discussed.” At

energies below ~1.5 eV, the experimental GdO™ cross section matches the theoretical
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Figure 4.1. (a) Product ion cross sections as a function of center-of-mass (bottom x-axis)
and laboratory (top x-axis) frame kinetic energy for the Gd* reaction with O at 0.29 mTorr
(open circles) and 0.15 mTorr (closed squares). Arrows indicate the O-O BDE (5.12 eV)
and the predicted energy (9.39 eV) for the decline in the cross section from the spectator
stripping model (SSM). The black line corresponds to the Langevin-Gioumousis-
Stevenson (LGS) collision cross section. (b) Experimental cross sections for the Gd*™ + O;
reaction (open red cirlces) compared to calculated cross sections from phase space theory
for exothermicities of 1 (dashed black line), 2.57 (solid red line), and 4 eV (blue dashed
line), respectively. The dashed red line corresponds to the phase space theory cross section
for returning to reactants at an exothermicity of 2.57 eV.
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collision limit given by the Langevin-Gioumousis-Stevenson (LGS)®® cross section (black
line in Figure 4.1a), indicating that the reaction proceeds with 100% efficiency at thermal
energies. The cross sections can be converted to rate coefficients as explained elsewhere.’
As discussed previously,’ the average rate coefficient, k, for reaction (4.6) is 5.7 + 1.1 x
1071% cm?®s for collision energies below 1 eV, which is consistent with kics of 5.7 x 1071°
cm?®s and that of 4.9 + 1.5 x 101% cm®/s measured for the same reaction at thermal (~295
K) kinetic energies from inductively coupled plasma/selected-ion flow tube experiments.°

For collision energies greater than ~1.5 eV, there is a steep decline in the GdO*
cross section such that it becomes smaller than the LGS cross section. This sharp decrease
in reaction efficiency is believed to be the result of angular momentum constraints, as also
observed in other similar systems.'®%! In reaction (4.6), the reduced mass of the products
is smaller than that of the reactants, such that angular momentum conservation means that
the centrifugal barrier in the product channel increases more rapidly with energy than that
in the reactant channel. Eventually, the centrifugal barrier in the product channel can
exceed that in the reactant channel, which means that the transiently formed GdO,"
intermediate will dissociate back to reactants, resulting in decreased reaction efficiency.
As outlined previously,! a simple model can be used to predict at what energy this effect
will cause a deviation from the LGS cross section. Using an exothermicity for reaction
(4.6) of 2.57 + 0.10 eV (determined from Do(Gd*-O) = 7.69 + 0.10 eV’ and Do(0-0) =
5.12 eV®?), the model predicts that the experimental GdO* cross section will begin to
deviate from the theoretical limit at ~0.5 eV. This is somewhat lower than the actual
deviation observed at ~1.5 eV in Figure 4.1a. Phase space theory (PST) calculations can

investigate the behavior of the GdO* cross section in more detail and are performed using
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programs modified from those developed by Chesnavich and Bowers.?>®® PST cross
sections calculated for three different exothermicities (1, 2.57, and 4 eV) are compared
with the experimental GdO™* cross section in Figure 4.1b. Using an exothermicity of 2.57
eV reproduces the GdO* cross section reasonably well and provides additional support for
the accuracy of the GdO* BDE measurements.” In contrast, the GdO* cross section is
clearly underestimated for the PST calculations that use an exothermicity of 1 eV, whereas
an exothermicity of 4 eV overestimates the GdO™ cross section in the ~2 to 5 eV energy
range while reproducing the cross section relatively well at lower energies. The PST cross
section calculated for an exothermicity of 2.57 eV is slightly smaller than the experimental
cross section in the ~1 to ~2 eV energy range. This difference could be caused by formation
of an electronically excited GdO* product, not accounted for in the model. Calculations
indicate that 1°IT and °Z~ excited states of GdO* are roughly 3 eV higher in energy than
the 8%~ ground state.” Assuming all of the exothermicity of the reaction is converted into
internal energy, these electronically excited GdO™ products could be formed at an energy
of ~0.5 eV or higher.

Beginning at a collision energy of Do(0O-0) = 5.12 eV, the GdO™ product should
have sufficient energy to dissociate, which would result in a decline in the cross section.
However, the GdO™ cross section remains relatively constant between ~4 and ~9 eV, and
begins to decline quickly at significantly higher energies than Do(O-O). This leveling off
could be the result of forming excited GdO* states as suggested for other metal cations
exhibiting similar behavior,® or potentially correspond to the hard sphere collision limit
although this limit is estimated to be about a factor of two larger (13 A2, using an atomic

radius for Gd and O of 0.960 A and 0.450 A, 5% respectively, and r(0-0) of 1.208 A®) than
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the observed cross section. The delayed onset in the decline of the GdO™ cross section
suggests an impulsive reaction mechanism, where only a fraction of the available CM
collision energy is converted into internal energy in the reaction. A simple impulsive model
is the spectator stripping model (SSM),5 in which the ion is assumed to react with only
one of the atoms in the diatomic neutral while the other atom remains a “spectator” and
maintains its velocity during the reaction. The kinetic energy of the products is determined
from linear momentum conservation and the internal energy deposited into GdO™ equals
the BDE at a significantly larger collision energy than Do(O-0).6* SSM predicts that this
will occur at a collision energy of 9.39 eV, in good agreement with the onset of the decline
in the GdO™ cross section, Figure 4.1.

4.5.2 Gd* reaction with O2 to form GdO:". In the reaction between Gd* and Oy,
the GdO-" product is also observed, although it is formed with a relatively low abundance.
Its energy-dependent cross section is shown in Figure 4.1a at two different O, pressures.
In contrast to the results for the GdO™ cross section, the magnitude of the GdO," cross
section exhibits a clear pressure dependence with a cross section larger by about a factor
of two for the higher O pressure. This indicates that GdO," is formed in a sequential
reaction where the abundant GdO™ product reacts with a second oxygen molecule to form
GdO." via reaction (4.3). Thus, the GdO," cross section is more appropriately analyzed
using the abundant GdO™ product as the precursor ion, an approach that proved useful for
the analogous reactions of Re* and Os*.2%2° Here, the CM energy scale is also reanalyzed
assuming a reaction between GdO™ and O>. The reanalyzed GdO;" cross sections at the two
different O pressures are shown in Figure 4.2 and exhibit no pressure dependence, which

provides further evidence that GdO," is formed sequentially via reaction (4.3).
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Figure 4.2. Estimated GdO," cross section from the reaction in Figure 4.1 reanalyzed using
GdO" as the precursor ion in a sequential reaction with a second O2 molecule as described
in the text. Open circles and closed squares correspond to Oz pressures of 0.29 and 0.15
mTorr, respectively.

4.5.3 GdO" exchange reaction with Oz to form GdO:" and O. The GdO™ reaction
with O to form GdO;" can be investigated directly by forming GdO* as a precursor ion in
the source and reacting this ion at well-defined kinetic energies with O in the reaction cell.
The resulting energy dependent GdO-" cross section is shown in Figure 4.3. In this reaction,
the Gd* product is also formed via CID at higher energies (data not shown) and can be
modeled to obtain a value for the GdO* BDE, as presented elsewhere.” The GdO;* product
has an apparent threshold of ~2 eV with its cross section peaking around 5 eV (consistent
with the O BDE) and declining as expected at energies exceeding

Do(O-0). The reanalyzed GdO-" cross section from the sequential reaction, Figure 4.2, can
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Figure 4.3 GdO;" cross section as a function of center-of-mass (bottom x-axis) and
laboratory (top x-axis) frame kinetic energy resulting from the direct reaction between
GdO" and O (open circles). The cross section for Gd* omitted here is presented and
discussed elsewhere.” The arrow indicates the O-O BDE (5.12 eV). An optimized model
for the GdO," cross section is indicated by the solid line, obtained by convolving equation
(4.4) with the GdO* and O; kinetic energy distributions. The dashed line corresponds to
the modeled GdO," cross section at 0 K by excluding convolution over reactant internal
and Kkinetic energy distributions.

be compared with that measured in the direct exchange reaction, as shown in the
Supporting Information, Section 4.7. There, the energy scale for the sequential reaction
includes the 2.57 eV exothermicity of reaction (4.6) and the cross section has been scaled
by a factor of 2.5 to match the magnitude of the GdO2* cross section from the direct
reaction. This scaling factor is a result of the shorter reaction path length (not accounted
for in the cross section conversion) available for GdO* to react with a second O in the

sequential reaction. On average, this path length should be about a factor of two smaller,
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consistent with the 2.5 scaling factor. Modeling the GdO2" cross section from the direct
reaction in Figure 4.3 yields a threshold energy of 2.27 + 0.09 eV. Do(OGd*-O) can be
determined from this exchange reaction using the modeled Eo value and expression (4.5),
which gives a BDE of 2.85 £ 0.09 eV. The optimized modeling parameters for these data
and for all other endothermic reactions are summarized in Table 4.1. In contrast, modeling
the GdO," cross section from the sequential reaction with equation (4.4) as shown in the
Supporting Information (Section 4.7) yields a threshold energy of 3.11 + 0.13 eV
(including the uncertainty from the exothermicity of reaction (4.6)), 0.84 eV larger than
the threshold energy obtained for the direct reaction. This difference suggests that 0.84 eV
(i.e., 33%) of the 2.57 eV exothermicity from reaction (4.6) is lost, probably as translational
energy of the O atom product (which can be appreciable because of momentum
conservation), and is thus not available to drive the sequential reaction of the GdO* product

ion.

Table 4.1. Summary of optimized parameters obtained from modeling the experimental
product ion cross sections with equation (4.4).%

Reaction 00 n Eo (eV)

GdO* + 02— GdO2" + O 03+£01 29%03 2.27 £0.09
GdO* + 02— GdO2* + O (sequential)® 05+0.1 2.6+0.3 3.11+0.13

GdO2" + Xe — Gd* + O, + Xe 05+01 0.7+0.2 0.75+0.11
GdO;" + Xe — GdO™ + O + Xe° 025+0.05 08%*0.2 0.31 +0.07
GdO," + Xe — GdO* + O + Xe¢ 06+02 16+0.2 2.90 +0.22

2 Uncertainties correspond to one standard deviation.

b GdO," cross section (scaled by 2.5) from the sequential reaction.
¢ Low-energy feature.

d High-energy feature.
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4.5.4 CID of GdO2" with Xe. A BDE value for OGd*-O can also be measured
directly from CID of GdO_" using Xe as collision gas. Two product ions, Gd* and GdO*,
are observed in these CID experiments, as shown in Figures 4.4a and 4.4b, respectively.
The GdO* cross section exhibits two features, with apparent thresholds of ~0 and 2.5 eV,
respectively, indicating the presence of two different GdO»* precursor ion populations. To
probe and alter the relative abundances of these GdO,* precursor ion populations, the
source conditions were changed by varying the DC discharge voltage used to produce Gd™*
ions. The effect of varying the DC discharge voltage on the magnitude of the Gd* and GdO*
product ion cross sections from CID of GdO>" is shown in Figure 4.4. Increasing the DC
discharge voltage increases the Gd* cross section (Figure 4.4a) significantly while not
changing the shape of the cross section (except above 7 eV). In contrast, the magnitude of
the GdO™ high-energy feature (Figure 4.4b) remains almost constant, whereas the GdO*
low-energy feature exhibits a similar trend to that for the Gd* cross section with increasing
DC discharge voltage. The results in Figure 4.4 can be explained by one precursor ion
population that corresponds to Gd* bound to an oxygen molecule, i.e., a Gd*-O, adduct,
and the other to Gd* inserted between the two oxygen atoms, i.e., O-Gd*-O. The Gd*-O;
adduct can dissociate by loss of O, (to form Gd*) or by loss of O (to form GdO*, low-
energy feature), whereas O-Gd*-O dissociates primarily by loss of O (to form GdO*, high-
energy feature). Increasing the DC discharge voltage generates more of the Gd™-O;
precursor ion relative to the inserted O-Gd*-O species, which retains most of the population
at all discharge voltages (otherwise the high-energy feature would decline in magnitude as

the DC voltage was increased).
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cross sections from CID of GdO," for (a) Gd* + Oz and (b) GdO*™ + O products. Solid
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4.5.5 Thermochemistry of O-Gd™-O and Gd*-O2. A BDE of OGd*-O can be
obtained by modeling the high-energy GdO™ feature using equation (4.4) as shown in
Figure 4.5. This yields an Eo and corresponding Do value of 2.90 + 0.22 eV, which
is consistent with that measured for OGd*-O from the exchange reaction discussed above.
Thus, the high-energy GdO™ feature in the CID experiments arises from the dissociation of
the same Gd* dioxide species that is formed in the exchange reaction (4.3). Combining
these two independent BDE measurements through a weighted average gives Do(OGd*-O)

=2.86 + 0.08 eV. This value is consistent with that of 2.60 + 1.5 eV reported by Schofield®
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Figure 4.5. Product ion cross sections from CID of GdO," as a funciton of center-of-mass
(bottom x-axis) and laboratory (top x-axis) frame kinetic energy obtained using a DC
discharge voltage of ~1200 V. Optimized models for the GdO™ and Gd* cross sections are
indicated by the solid lines obained by convolving equation (4.4) with the reactant Kinetic
energy distributions. The dashed lines correspond to the modeled cross sections at 0 K
obtained by excluding convolutions over the reactant internal and kinetic energy

distributions.
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as determined from a thermodynamic cycle. The BDE for Gd*-O- is obtained by modeling

the Gd* cross section (Figure 4.5), which yields Do(Gd*-0,) =0.75 £ 0.11 eV.
4.5.6 Experimental potential energy surface (PES). The thermochemistry for
GdO," measured here together with the GdO* BDE determined recently’ can be used to
construct a PES entirely from experiment for the reaction between Gd* and O to form
GdO* and O. This PES is shown in Figure 4.6. The energy level for the GdO* and O
products relative to the Gd™ and O, reactants is given by the reaction exothermicity, i.e.,
2.57 + 0.10 eV below reactants. The energy level for O-Gd*-O relative to the GdO* + O
level is determined from the BDE of the dioxide (2.86 = 0.08 eV), and lies at 5.43 £ 0.13

eV below reactants. The energy level for Gd*-O; relative to Gd* + O equals the measured

1Gd* + 02 -044+0.13 eV
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Figure 4.6. Potential energy surface for the Gd* reaction with O, determined from the
GIBMS expeiments.
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BDE of 0.75 £+ 0.11 eV. Gd*-O; can also dissociate by loss of a single oxygen atom.
According to the PES in Figure 4.6, this process is exothermic; however, the low-energy
GdO" feature in Figure 4.5 has a threshold, indicating that there must be a barrier to this
process. This barrier height is determined from modeling the low-energy feature for this
reaction with equation (4.4) as shown in Figure 4.5, giving a barrier height of 0.31 £ 0.07
eV (Table 4.1), such that the barrier lies 0.44 + 0.13 eV below the Gd* + O level (Figure
4.6).

4.5.7 Theoretical calculations for GdO:*. Theoretical calculations were
performed to determine the ground and low-energy states for the Gd* dioxide species
probed experimentally. Several different geometries and multiplicities for GdO2" were
explored at the B3LYP/ANO level of theory. The energies, electronic configurations,
vibrational frequencies, bond lengths, and angles for stable GdO" species are summarized
in the Supporting Information (Section 4.7). Figure 4.7 shows the molecular orbitals (mos)
that are formed from the interactions between the valence electrons of Gd* (*°D, 4f'5d6s)
and O (3P, 2p*) for different GdO_" structures and electronic configurations. For simplicity,
the seven 4f valence electrons of Gd* are omitted from Figure 4.7 as these form largely
nonbonding mos similar to their atomic orbitals. Representative mos for the 4f electrons
are shown in the Supporting Information (Section 4.7) for GdO;" structures having Cey,
Dooh, and Cay Symmetry.

For an end-on linear Gd*-O adduct, with C.y symmetry and the z-axis defined
along the internuclear axis, the 5d,? orbital of Gd* can interact with the 2p; orbitals of the
O atoms to form a 20 bonding mo (Figure 4.7a). In- and out-of-phase combinations of the

2px and 2py orbitals on the two O atoms give rise to a 2m bonding and 37 antibonding set
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of orbitals (similar to those in a free O2 molecule), respectively, which combine in-phase
with the Gd* 5dx. and 5dy; orbitals for & bonding interactions with the metal cation. The 6s
valence electron of Gd* can also remain in this orbital resulting in a mainly nonbonding 3¢
mo. The calculations indicate that the linear Gd*-O2 adduct has a IT (2622n*3n*36%) ground
state with a multiplicity of 8 or 10 being practically the same energy (difference of only
0.004 eV, 1.93 eV below the Gd* and O ground state reactants), where the unpaired 3x
electron can be low or high spin coupled to the 4f electrons (Figure 4.7). These states are
only 0.25 eV lower in energy than the <~ (20%2n*3n*) state (Supporting Information,
Section 4.7), where the 6s electron of Gd* has been promoted to a 5d orbital to more
effectively interact with the 2p electrons of the O atoms (Figure 4.7a). The °II state (low-
spin coupling of the 4f electrons with both the 37 and 3o unpaired electrons), which differs
from the 1°IT and 8I1 states only in electron spin, is not significantly higher in energy at 0.33
eV above these states. The interaction between Gd™ and O is relatively weak in these
adducts such that the O bond length (ranging from 1.29 — 1.30 A) is not significantly
perturbed from that in unbound O3 (1.21 A).

For an inserted O-Gd*-O dioxide with linear D..n Symmmetry, the 5d,? orbital of
Gd" combines with the 2p; orbitals on the O atoms to form a 26 bonding mo (Figure 4.7a).
A bonding set of 2x orbitals are formed from out-of-phase 2px and 2py orbitals on the two
O atoms that combine in-phase with the Gd* 5dx. and 5dy, orbitals. Combining the 2px and
2py orbitals in-phase with a small amount of 4f character on Gd* gives largely nonbonding
3n orbitals. A 36 bonding mo is formed from an out-of-phase combination of the 2p,
orbitals on the O atoms with the 4f;* orbital on Gd*. The calculations yield only a couple

of electronic states with stable inserted linear O-Gd™-O geometries that correspond to
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minima. These are the closed shell 8%~ (2622n*31*) state (where a structure with unequal
bond lengths is found to be 0.13 eV lower in energy than that with equal bond lengths) and
the STI (26%2n*37%36Y) state (Figure 4.7a, Supporting Information, Section 4.7), which has
similar energy to the symmetric 8% state. The corresponding °IT and 1T states resulted in
optimizations with two imaginary bending frequencies.

Allowing the O-Gd*-O angle to vary gives the global minimum GdO:" structure
having an O-Gd*-O angle of ~45° and Gd*-O bond lengths of 1.96 A with an 8A; electronic
state (Figure 4.7b, Supporting Information, Section 4.7). In this cyclic structure, the bond
distance between the two oxygen atoms is 1.49 A, larger than the bond length in a free
oxygen molecule of 1.21 A. Here, O-Gd*-O is defined to lie in the yz plane with Cay
symmetry along the z-axis. In the 8A, ground state, the 2py orbitals of the O atoms mainly
combine to form a bonding 3a:1 mo similar to the bonding ¢ mo in O2 (Figure 4.7b).
Combining the 2p, and 2px orbitals of the O atoms in-phase results in orbitals similar to
the m bonding orbitals in free O2. These combine with the 5d,% and 5dx; orbitals of Gd*,
respectively, to form bonding 4a; and 3b; mos. Two additional bonding mos, 3b; and 2a,
are formed by combining the 5dy; and 5dxy orbitals of Gd™ with out-of-phase 2p, and 2px
orbitals of the O atoms, respectively. These out-of-phase combinations of the 2p, and 2px
orbtials result in mos between the two O atoms similar to the w antibonding orbitals in free
O2. Other low-energy O-Gd*-O structures are found at excitation energies of about ~1.4
eV above the 8A; ground state having °A;, 8As, 1By, 8B4, and ®B; electronic states
(Supporting Information, Section 4.7). The GdO," structures having A; electronic states
resemble cyclic side-on O; adducts with O-Gd*™-O angles of ~35° and O-O bond distances

of ~1.32 A. Here, one of the 2a, electrons has moved to occupy a 5a; nonbonding mo
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comprising mainly the 6s atomic orbital of Gd*, and the 2a, electron can be either high or
low-spin coupled with the 4f electrons. For the B states, the O-Gd*-O angles are much
greater, ~110° for multiplicities of 6 and 10 and ~137° for the octet spin. This moves the
oxygen atoms apart sufficiently that they no longer interact strongly. In the ®B; and °B;
states, an electron from the slightly bonding 3a: mo has moved to occupy a 4b> mo
corresponding to the slightly antibonding version of the 3a; mo (Figure 4.7b). For a
multiplicity of 8, the 4b, mo is fully occupied with only one electron occupying the 3b> mo
(Figure 4.7b). A B electronic state is obtained by moving one of the 2a; electrons to the
4h;, antibonding mo (Figure 4.7b). This state is about 2 eV higher in energy than the 8A;
ground state for a multiplicity of 8 and has an O-Gd*-O angle of ~65°. For multiplicities
of 6 and 10, the B; structures have one imaginary frequency and collapse to A’ states where
the two Gd*-O bond lengths differ slightly. Additional local minima with B> electronic
states and muliplicities of 6, 8, and 10 are found for structures that resemble Gd*-O>
adducts rather than inserted dioxide species. These structures have bond angles of ~34°
and Gd*-O bond lengths of ~2.25 A, where the mos have similar character to those shown
in Figure 4.7b for the 8A; state. For a multiplicity of 10, the B state is 3.5 eV higher in
energy than the 8A; O-Gd*-O ground state, whereas the corresponding B, states with
multiplicities of 6 and 8 are both approximately 2.6 eV higher in energy than the ground
state (Supporting Information, Section 4.7).

4.5.8 Theoretical PESs. To gain insight into the interactions between ground state
Gd* (*D) and Oz (3%g") and the role of the various GdO," intermediates that lead to
formation of ground state GdO* (8%") and O (°P) products, PESs where the O-Gd*-O angle

is varied were calculated. Resulting surfaces are separated into A’ and A" symmetry and
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are shown in Figures 4.8a and b, respectively. Ground state Gd* (*°D) can react with ground
state Oz (3Z¢") in spin-allowed processes to form GdO," intermediates with multiplicities
of 8, 10, and 12. For intermediates with a multiplicity of 12, no additional covalent
interactions can be formed and thus these will be higher in energy. For completeness,
surfaces with states having a multiplicity of 6 were also considered. The results in Figure
4.8 indicate that the reaction of Gd* (*°D) with O can be initiated by forming a linear Gd*-
02 adduct on 1°A’, A" 8A’ and 8A"” surfaces that are approximately 2 eV lower in energy
than the reactants. A linear intermediate can also be formed on a A’ surface, which is only
slightly below the energy of the ground state Gd* and O reactants (Figure 4.8a). Along
most of the surfaces with multiplicities of 8 and 10, there is a barrier of 0.1-0.2 eV (more
clearly shown in the Supporting Information, Section 4.7) that occurs at an O-Gd*-O angle
of ~20° as Gd" begins to insert between the two oxygen atoms. At O-Gd*-O angles of ~30°,
the %A’ 8A’, and 8A" surfaces cross with the 1°A;, 8A;, and 8A; surfaces, respectively,
which lead to the minima of O-Gd*-O discussed above (Figure 4.7, Supporting
Information, Section 4.7). The high energy '°B, Gd*-O adduct can be formed from the
crossing between the 2A” and 1°B; surfaces. The surfaces in Figure 4.8 indicate that ground
state GdO* (8%") and O (®P) products, calculated as ~1.7 eV below reactants, can be formed
via several low-energy intermediates and pathways that have no barriers exceeding the
reactant asymptote, where the lowest such pathway is via the 8A; GdO," intermediate at
~4.2 eV below reactants. These results are consistent with the experimental observation of
an efficient, barrierless, and exothermic reaction.

4.5.9 Comparison with experiment. The quantum chemical calculations provide

insight into the electronic states of the GdO," intermediates probed experimentally. The
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Figure 4.8. Relaxed potential energy surface scans as a function of the O-Gd*-O angle
calculated at the B3LYP level of theory using the ANO basis set with the SDD ECP for
Gd and the 6-311+G(3df) basis set for O. These are separated into (a) A" and (b) A"
surfaces. Hextet, octet, dectet, and dodectet surfaces are indicated by blue, red, black, and
purple lines, respectively. Solid lines correspond to surfaces where GdO2" maintains Cay
symmetry whereas dashed lines correspond to species with Cs symmetry. The solid and
dashed green bars indicate the experimental and calculated exothermicities for reaction
(4.6) at 2.57 and 1.70 eV, respecitvely.
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O-Gd*-0 intermediate is easily identified from the calculations as the ground-state inserted
cyclic dioxide having an 8A; electronic state. In contrast, the Gd*-O, adduct is more
difficult to assign. Linear or nearly linear end-on O adducts having °A’, °A” 8A’ or 8A”
electronic states are about 2 eV lower in energy than the reactants, thus having significantly
higher Gd*-O, BDEs than the measured value of 0.75 + 0.11 eV. Furthermore, the barrier
for loss of O from these adducts is at most 0.2 eV such that these adducts are likely to
readily lose an O atom rather than O> upon activation (Supporting Information, Section
4.7). Similarly, the calculations predict that the side-on °A;, 8A;, 8As, ®B,, and B, O
adducts have much stronger Gd*-O, BDEs than that measured experimentally. In contrast,
the side-on adduct with a 1°B; electronic state has a Gd*-O, BDE calculated as 0.67 eV
(Figure 4.8a, Table 4.2), consistent with the experimental BDE of 0.75 + 0.11 eV.
Additionally, there is a barrier along the 1°B, surface of 0.45 eV, which is in relatively good
agreement with the experimental value of 0.31 £ 0.07 eV for loss of an O atom. The CID
experiments are thus likely probing this high energy °B, Gd*-O, adduct because this
adduct will predominantly dissociate by loss of Oz, whereas other low-energy O adducts
will readily lose an O atom. These conclusions are supported by Rice-Ramsperger-Kassel-
Marcus (RRKM) calculations (not shown), which demonstrate that the rate constant for
loss of O is a factor of 2 to 10 larger compared with O atom loss for the 1°B; Gd*-O;
adduct, but the inverse is true for the 8B, Gd*-O. adduct (as well as any lower lying state
of the Gd*-O, adduct).

It seems likely that several of these adduct states are formed experimentally, with
increasing populations as the DC discharge voltage is increased, and might contribute to

the observed dissociation behavior (Figure 4.4). This conclusion is further supported by
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Table 4.2. Summary of experimental and calculated BDEs in eV for OGd*-O and Gd*-O,
the transition state (TS) barrier for loss of O from Gd*-O, and the exothermicity, A/H(4.3),

of reaction (4.3).

Level Basis Set OGd*-0 Gd*-02 TS AH(3.3)
Expt. 286+0.08 0.75+0.11 0.31+£0.07 -257+0.10
B3LYP ANO 2.46 0.67 0.45 -1.70
cc-pVTZ-DK3 2.47 0.98? 0.422 -1.95
cc-pVQZ-DK3 2.47 1.00% 0.472 -1.92
PBEO ANO 2.72 0.68 0.57° -1.71
cc-pVTZ-DK3 2.48 0.96? 0.532P -1.92
cc-pVQZ-DK3 2.49 0.942 0.542P -1.89
CCSD(T,full) ANO 2.34 0.81 0.49¢ -2.08
cc-pVTZ-DK3 2.59¢ 1.21° 0.41° -2.33
cc-pVQZ-DK3 2.73¢ 1.50° 0.40° -2.59
CBs¢ 2.81 1.67 0.39 -2.74

4Single point energy calculation using the geometry determined for the ANO basis set and

the corresponding vibrational frequencies for the zero point energy correction.

b Zero point energy from the B3LYP calculation is used. The PBEO calculation yields a
significantly larger zero point energy as a result of a much larger frequency predicted for
the TS structure (1170 vs. 4521 cm™ at the B3LYP vs. PBEO levels of theory, respectively)

as summarized in the Supporting Information (Section 4.7).

¢ Single point energy calculation using the geometry at the B3LYP/ANO level and

corresponding vibrational frequencies for the zero point energy correction.

dComplete basis set (CBS) limit.
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the changes in the relative magnitudes of the cross sections for the GdO* low-energy
feature (O atom loss) and Gd* product (O2 loss) with DC discharge voltage (Figure 4.4).
The Gd* cross section increases by a factor of ~4 when changing the DC discharge voltage
from ~900 to 1200 V and 1200 to 1700 V (Figure 4.4a), whereas the low-energy GdO*
feature only changes by a factor of ~2 for each voltage increase (Figure 4.4b). This
behavior is consistent with the higher energy °B, Gd*-O, state becoming increasingly
populated relative to lower energy O adduct states as the DC discharge voltage is
increased. This observation also suggests that the measured barrier to lose an O atom
probably has contributions from the other Gd*-O, intermediates that can be stabilized,
Figure 4.7.

To investigate the possibility of other Gd*-O, adducts that could explain the
experimental data, additional relaxed PES scans were calculated at the B3LYP/ANO level
for linear adducts where the bond distances were varied between an Oz adduct and Gd* and
between an O atom and GdO™. These surfaces are shown in the Supporting Information,
Section 4.7. No other intermediates were found besides the linear Gd*-O2 intermediates
already discussed (Supporting Information, Section 4.7). Thus, the GdO," intermediates
probed experimentally along the PES of the Gd™ reaction with O are assigned to a Gd*-O;
adduct and transition state (TS) with