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Abstract

In this thesis, the study of intermolecular interactions within cluster systems is presented.
Covalently and nowmovalently bound clusters possesfientimes unique and unexpected
properties which cahe tunel by adjustment of size, composition, and geometry to target desired
properties for use in nanotechnologies. Additionally, clusters present a computationally tractable
modelof bulk systems such asactive sites on bulk heterogeneous catalystsared pectra have

been collected of various clusters and theoretical computations have been conducted to interpret
spectra and provide predictions for other properties to guide future wovkstigations of the

forces bindingcluster species togethare condatedto provide insightinto the fundamental

underpinning of molecular properties with applicationthmfield of nanomaterial design.

A variety of clusters have been studied h@emputational studies sfzedependeay in
nitrous oxide reactios withrhodium sulphide clusters Y@been conductedBarriers to competing
N20O desorption and decomposition have been ascertained and compared with and without thermal
correctionsinclusion of thesulphur atom is found to alter which reaction pathwgyrefered, as
seen by comparison with analogous studies on pure rhodium clusfeased multiple photon
dissociation (IRMPD) spectroscopys utilized to probe the additional clusters; a series of
palladium coordination complexes and a seoieslustes contining icosahedral BX12° (X =
H, halogen)age complexedwith a cationic transition metal atom, a cationic amine, or a neutral
polar cyclohexandased compound. ThilRMPD technique successfully produced infrared
spectra for thesspecies in thgas phae andunique propertiesvere observedor each cluster
upan IR induced dissociatiorDensity functional theory calculations determined geometries,
dissociation thresholds, and interpreté®l spectra. Additional theoretical tools quantified

molecular orbil interactions and topographical parameters of the etedensity.
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1 Introduction

Clusters present a fascinating and challenging area of study. They represent a bizégiegime
between atomic/molecular systemsth discretequantum structureand bulk phaswith classical
properties arising from the convergence of many quantum staeontinuaor band structuie

As such, size dependent studies are often employed to understand the evolution of quantum
properties into those of the bulk phasen exciting realization of such sizgependent studies is

that clusters have been found to display drastically different properties than their bulk or quantum
counterparts. This presents an opportunity to uncoead exploit the unique and unpredictable
properties of clusters by tuning size, composition, and structure. It is the forces, covalentand non
covalent, which bind clusters tager that dictate the observed properties, and a better
understanding of thesforces could lead to improved control of cluster properties for specific

applications.

The study of clusters provides an opportunity to push the boundaries of theoretical and
computational models. Pursuing the theoretical treatment of cluster spegiaephesent the
boundary of computational tractability is not only challenging, but also presents the potential for
the advancement of current theoretical models. The compuwhtiank described herein helps
establish limits for some model chemistrieghighting strengths and uncovering deficiencies,

and thereby assisting theoreticians in their efforts to improvement upon current models.

Studies of clusters usually exploit angbination of theoretical and experimental
approache$Here, we primarily use density functional theory (DFT) for calculations and infrared

multiple photon dissociation (IRMPD) spectroscopy for expemalevalidation. The general



approach has been to theoretically identifylthveest energy geometric isomers of a cluster species

and compare calculated spectra to those acquired @t¢het r e Laser |Q@LfO) ar ou g e
free electron las€FEL) facility of Université de Paris Xl in Orsay, Franétaving experimentally

validaied a computational method, other cluster properties can be predicted with confidence.
Properties key to this thesis includeharge distribution, stabilization energies of orbital
interactions, reaction barrier heights, binding energies, and electroydaneiitical points. A

brief introduction to each model cluster system follows. Detailed motivations and literature review

can be found in the introduction sections of eachespwnding chapter.

In Chapter 3, we use a purely computational approacludly seactions of nitrous oxide
on cationic rhodium sulphide clusters. Previous studies on analogous pure rhodium clusters
spectroscopically validate the computationsdthods that are applied hér€onfidence in our
globd minimum geometries comes from the exhaustive searches of the potential energy surfaces
conducted using our custewritten basin hoppingBH) algorithm. The motivation for this study
comes from the use of bulk rhodium in catalytic converters for decotigposf nitrous oxide, a
potent greenhouse ga$Small gas phase rhodium clusters arelusanodel the reactive sites in
heterogeneous catalysi$Here, we model the competing decomposition and desorption aisiitro
oxide on rhodium sulphide clusters, S8HN.0 (n=21 9). We include sulphur because it is a
well-known bulk phase catalyst poison; it is an open question as to if these poisoning properties
persist in the small cluster size regime. this study, three key stationary points and a transition
state along the proposed-® decomposition reactiopathway are investigated using basin
hopping and DFT. The global minimum geometries of A BD, RS0, and RRSO'A N
(n=219) are identified and their vibrational spectra are predicted. Optimizations are performed

on RhS'A BOY transition state strustes along the MND fission coordinate of a bent® moiety



that brings the oxygen atom in contact with a rhodium atom of the cluster core. The relative height
of these reaction barriers compared to the 0 desorption threshold tstablish whether D

decomposition is likely to occur as was done previously for the analogous pure rhodium glusters.

In Chapter 4 we study catalytic organopalladium complexes. Five different complexes of
the form RPdk, which vary in the organic residue or the ligand, are interrogated using IRMPD
and the esults are interpreteditiv the aid of DFT calculations. A key finding is that IR excitation
can be used to mogelectively induce ligand scrambling reactions. IR induced dissociation
products are analyzed and the energetic thresholds to produce thiisetgpere calculated. We
find the wavenumber dependence on the formation of ligand scrambling products and the
associated energetic thresholds have major implications regarding the redistribution of vibrational

energy, a key tenant of the IRMPD process.

Chapter 5 addresses molémuclusters of B2X12° (X = H, F, Cl) and three different types
of coordinating moieties, which emphasize different intermolecular interactionX 8
molecules all adopted an icosahedral geometry with ihits at each vertexhe boron atoms
form anicosahedral cage and the X atoms are directed outward from the cage center, essentially
forming an isolating halogen layer around the boron atoms. We separate this work into three related
studies. The first study investigates tloenplexation of a singl&gansition metal (TM) atom with
B12F12°. Twelve different transition metals from the last four groups of thieck are considered.
IRMPD spectra were recorded for the isolable species and DFT calculations are employed to
model tle systems of interest. The second study investigates thectitasabetween BX1°
(X =F, Cl) and triethylammonium, [(C¥CH2)sNH]" (TEA). TEA is found to orient such that the
chargecarrying proton points towards the center of a triangular face formed by three X atoms,

leading to the formation of & A AN k/drogen bonds. Detailed investigations of the molecular



orbital (MO) interadbns and electron topology are conducted. IRMPD spectra are collected for
the fluorinated and chlorinated clusters, and fragments associated with TEA loss and cage fission
to form B.Xm? are observed. DFT energies of the various dissociation pathways treatelabth

proton transfer and charge transfer thresholds are accessed during IRMPD, and that both thresholds
give rise to their own fragmentation patterns. The third study investifaanteraction between

al-cis 1,2,3,4,5,6nexafluorocyclohexaneCsHsFs (referred to ad), and BoX12? (X = H,F). 1is

a neutral molecule with an unusually large dipole moment (~7.3 D) owing to the placement of all
fluorine atoms on the same facetlod cyclohexane rin§® Complexes ofl with B12H12?P present

an excellent opportunity to study the exotic dihydrogen bond, six of which aretectpe form at

each BoH12?°/1 interface. Clusters of up to fodrmolecules around BH12?° are isolated and
probed using IRMPD. Additionally, photoelectron (PE) spectrd. BH12® (n= 117 5), have

been collected. DFT is used to calculate globaimum geometries, IR spectra, and (considerably
large) clustebinding energies. Natural bond orbital (NBO) analysis is used to investigate atomic
partial charges and stabilization energies of intermolecular MO interactions. Further to this, the
guantum heory of atoms in molecules (QTAIM) is used to analyze therele¢bpology at the
B12H12?P/1 interfaces. The effects of sequential additionlofround the BH:/° cage are
considered. Comparisons are made to the analogous fluorinated cage clasfeBF1§%®

n=17 4/

Taken as a whole, this thesis provides a detailed investigation of intermolecular interactions
between moieties that libit complex electronic and/or geometstructures. The interactions
studied range from essentially covalent through to essentially ionic in nature, and we very clearly
see how the interplay between electronic and geometric structure gives rise stingesnd

oftentimes unexpected, behavisuch as modselectivity, catalyst poisoning, and dihydrogen



bonding. While norcovalent interactions have for many years been implicated in determining the
physicochemical properties of systems such as biologiearomolecules and cataly$t$!? a

deep understanding of the physics underpinning these phenarsilbbeing developed. With

the reseach described herein, we hope to have provided a little more clarity and direction for this

fascinating subject.



2 Methods

2.1 Computational

2.1.1Basin Hopping

I n general, the quant umnmhe bwestanergy spatal agaagerhentiofs t o
nuclei withn a moleculelti s we | | known to be the domomnant c
temperaturghysicochemical propertiesnce it is geometry that defines the quantum structure
Accurate determination of a malau | e 6 s t h er mael Ibwest dbmmiceenargy)b | e (
geometries is therefore of paramount concern to the field of computational chemistry. Often DFT

is utilized to optimizemolecular structuresuch that it minimizes the electronic energy on the
potental energy surface (PES). This is an effee strategy when dealing with geometrically

simple molecules where the global minimum geometry is already known or can be intuited.
However, when the global minimum geometry of a molecule is less obvioushdleeular
structurecan optimize to a stahlbut high energy local minimum rather than the global minimum

of that PES. The strategy we have adopted to assist with determining the global minimum geometry
of geometrically complex systems is to generate as mamue and chemically relevant input
geametries for DFT optimization as possible with a custeritten molecular simulation code

base on the basin hopping (BH) algoritht#1®

The BHalgorithm searches for minima on a PES byng a modified Monté&arlo based
energy minimization techniqué.’® To initiate the algorithm a single input geometry is optimized
to a localminimum using molecular mechanics (MMjeeSection 2.1.2 Page for details,as
implemented by the Gaussian 09 progtamhe MM optimized input geometry is then randomly

distorted to produce a new candidate structure. The distortion is applied to specific degrees of



freedom selected by the user. For example, the user can choose to vary the orientation of a surface
moiety through translation and/or rotation or change bond angles and/or dihedral angles. The user
must also specify several other input parameters includivegrange over which the random
distortion may be applied, a containment volume for the system, minintamuclear distances,

and a simulation temperature, T. These parameters control the degree to which the PES is sampled

and ensures the generatedistures are chemically relevant.

The newly distorted geometry, is optimized at the MM level of theoty produce the
most stable isomer in that region of the PES. The energyE) is then compared to the energy
of the current MM global minimum @m). Acceptance of n can occur ifaE Egm, which
establishes as the new MM global minimum, or iln& Eem and the Boltzmann population ratio,

Pw/Pam, at temperature TEQ. 2.1) is less than a randomly selected value between zero and one.

Eg.2.1

C'l| ca
Q

If geometryn fails both energy comparisons it is rejected and the geometry that was distorted to
producen (i.e., n-1 in the BH sequence) is-distorted. The first energy comparison, where

En < Ecwm is evaluated, directs the search towards the MM global minimum georbée second
energy comparison prevents the algorithm from getting trapped in a deep basin whercEag E
condition would be imossible to satisfy without the application of a substantial distortion.
Preventing energetic trapping ensures a full samplof the PES. Commonly, the
acceptancéo-rejection ratio\ is monitored to assess the search efficiency. Usually, we seek to
employ a value df)& 0.5, meaning that if 15,000 structures pass the BH routine, 30,000 geometries

were sampled.



2.1.2Molecular Mechanics

Molecular mechanics employs a classical approactalculate the total energy for a nuclear
arrangement. The energy calculated by MM is relative to idealized geometric parameters from the
hybridization of atomic orbitalin valence bond theory.This energy is therefore referred to as a
strain energy since it is a sum of terms related to the deviation from the idealized values. The strain
energies of bonds and angles are calculasaaly the harmonic oscillator model. The summation

of thesestrain energies is equal to the energy of the bonding interactionsEcse23.’
Nonrbonding interactions are defined btptreatan der
electrostatic interactions between partial chargesgge24).1’ The sum of the bonding and non
bonding energies yields the total MM energy of the mokscak perEq. 2.2. The specific
functional form and input parameters #6g. 2.3 andEq. 2.4 are provided by the chosen force

field. The force fields for this work were the univdrgace field (UFF) and the AMBER force

field. Discussion of the chosen force fields can be foundhenrélevant sections of this thesis,

Sections 3.2 and 4.3

o (0] O
Eq.2.2
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In Eq. 2.3, K and Ky are the harmonic force constants for the bond s$tirggcand bond angle
bending respectively, r ardflare the values for input bond length and bond angle,gadadd:q

are the equilibrium values for the specific bond tygg,(C-C or C=C). P is the periodicity of the



dihedral angle, Kisa proportionai t y constant for that pediodici

is the equilibrium value for the specific bond type Hag. 2.4, A and B are thean der Waals
parameters describing shaehd longrange interactions, i andjenuclear indices, g is the atomic
charge, anf is the vacuum permittivity. Typically, atomic charges are calculatedDéiTapre-
optimized guess structure using tbiearge from an electrostatic potential with grid sampling
(CHELPG) partition scheer®'® CHELPG determines the atomic partiaharges by a least
squares fitting theDFT electrostatic potential outside the van der Waals surface of the

molecule!®18

The MM model is used exclusively in the BH routine. The simplicity of MM tesnlthe
calculations being very computationally inexpensive, typically detimgy in less than five
seconds for the species studied here. A computationally inexpensive model is of primary
importance for a BH simulation because the number of candidattuses is typically in the range
of 10° - 10*. The disadvantage of using Mdh small molecules such as those studied here is the
relative inaccuracy ad method which relies on valence bond theory idealized geometries, van der
Waals radii, and Coulombidteactions To mitigate this issue, the output MM structures identified
by BH are used as starting geometries for optimization at the (much more accurate) density

functional level of theory.

2.1.3Density Functional Theory

Density functional theory has become an indispensable tool for interpreting and predicting
experimental results. lrontrast to wavefunction based methods such as Hé&trdetheory, DFT
models the properties of maejectron systems by treating the spii dependent electron
density, which is more computationally efficient than treating each electron independéetly.

electron density function can be used to define the components of the electronic Hamiltonian:



kinetic energy, electrenuclear interactin energy, Coulomb energy, and the exchange/correlation
energy:’ Given that the electron density is itself a function, the terms of the electronic Hamiltonian

are therefore functionals €., functions of functions).

For implementation, a trial electron density, in combination with the linear combirmétion
atomic orbitals (LCAQO) approximation, are used to define a trial wavefunction. Determination of
a trial wavefunction and a Hamiltomiaaturally leads to a trial energy. The trial electron density
is iteratively adjusted by the standard smihsistenfield approach until a minimum energy is
reached? A chalenge in the DFT approach is that the exact form of the exchange/correlation
functional is not known and must therefore be approxim&t€d.he type of exchange/correlation
functionals used here are hybrid generalized gradient approximation furstiwhalh depend on
the value of the electron density at a point and the density gradient around that point, as well as a
percentage ofx@ct HartreeFock exchang& Theoretically, exchange/caiation functionals are
independent of the system being studied. However, certain functionals have been found to produce
results which better match the experimental data of certain systems. For example, some functionals
are better suited for treating orgamolecules than inorganic molecules. The specific functionals

used and the justification for their choice is givethiea methods sections of each results chapter.

To create molecular orbitals (MOgp the LCAO method, a basis set consisting of atomic
orbitals (AO) is employed. Basis sets are defined by the number of AOs used, the type.ef,AO (
S, p, detc), how he valence electrons are split into different orbitals and if a pseoigntial is
used to treag.g.,core electronsA split-valencebasis set takes the chemically interesting valence
orbitals and splits them into multiple valence orbitals. This is doaecount for the dependence
of the valence orbitals on the chemical bond in which they are participating. A common notation

used to epresent this type of basis see.( a Popletype basis set) is MG where K is the
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number of gype primitive Gaussain functions used for the core electrons, L and M are the number

of sptype primitive Gaussians used for the inner and outer valengalsrdnd G indicates that
Gaussian primitives are being uséd primitive Gaussian refers to an Ale function in the

form of a Gaussian functiof. Additional AOs can be added to better treat intand
intramolecular interactons The pol arization basis set, i ndi
addresses the issue that AO functions are centered onlyraa hyoadding ebrbital functions to
northydrogen atoms andqrbital functions to hydrogen atoms. Finally, diffusamsd p-functions
(indicated by fi++0) can also be added to deal

may not be clear with ich atom the extra electron is associdfed.

2.1.4Natural Bond Orbital Analysis
NBO analysis interprets wavefunctions produced by modern quantum chemistry models into the
language ofLewis structure and digestible valence and bonding coné&f}tShe NBOs are
defined in terms of naturatomic orbitals (NAO) which describes a molecular environment in
terms of atorrlike components. Lewis type NBOs include highly occdmebitals which are ore
centered, (core) or twoentered (bonding orbitals), whereas +#h@wis type NBOs are low
occupacy antibonding and Rydberg orbitdfrbital interactions occur between donor (Lewis)
and acceptor (nehewis) orbitls. Their energy of interaction.d. stabilization energy) is
determined using second order perturbation theory as per:

. e
YO Eq.2.5

In Eq.2.5, g is the occupancy of the donor orbitaj,i&the oftdiagonal NBO Fock matrix element

(i.e. orbital overlap)l3 and(j are the diagonal NBO Fock matrix elemeiiis. prbital energies)fo

11



the donor and acceptor orbitals, respectively. Thebilstation energy is represented

diagrammatically irFigure2.1.

|
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Figure21 Mol ecul ar or bi t al di agram iilyjaistrating
d o n 9-a ¢ te p orl@taligtévactions within NBO.

One can also calculate atomic partial changaghe NBO approach. Calculation of the
atomic partial charges is performed by natural population analysis (NPA) of the NAOs. The
expectation value of the firsirder reduced densitgperator on a NAO produces the electron
population of that orbital. By repéing the calculation for all NAOs centered on a particular atom
and summing orbital contributions the population of the atom is calculated. The atomic partial
chargeissimplyeqla t o t he atomdés nucl ear chargeAminus
adheres to the physical constraints of the Pa
zero or greater than two, and charge additivity (the sum of the orbitdbgtiops for the molecule)

equals the total number of electrons in the mdket
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2.1.5The Quantum Theory of Atoms inMolecules

The quantum theory of atoms in molecules (QTAIM) exploits the electron density to gain
information about the nature of the bonding within a molecular systdime gradient and the
Laplacian of the electron density are evaluated and from the results one obtains the spatial
coordinates of bonding interactions, the electron density at those coordinates, theoflegree
covalency or nofovalency, and the classification of the interactfofihe spatial coordinates of

the bonding interactits can be determined by identifying where the gradient is found to be zero,
these positions are labelled critical points (CPs). The value of the electron density at the CPs
provides a measure of the bond strerfgti{.CPs are class#d as nuclear CPs, bond critical points
(BCPs), ring critical points (RCPs), and cage critical points (CCPs) based on the curvature of the
electron density around a specific poifihe degree of covalency is indicated by the Laplacian; a
negative value fects a concentration of electron density at a CP indicating a covalent interaction,
a positive value indicates a depletion of electron density and thereforecavalant interaiion 24

Two software packages were used to conduct the AIM analyses, AIMALL and Mutfis#n.

2.2 Experimental

2.2.1Infrared Multiple Photon Dissociation

Infrared multiple photon dissociation was used to record vibrational spectra -ghases
molecules in the region of 8001600 cn®’. This technique has been described extensively in the
literature and ishte subject of numerous review artict€s’®4” There is no direct measurement of
the emission or absorption lajht during the IRMPD process but instead one monitors molecular
fragmentsIRMPD is referred to as an action consequencgpectroscopyrragmentation occar

as a result of the repeated absorption of IR photons until the internal energy of the molecule

13



increases beyond the lowest dissociation threshold. The numbi& photonsrequired to
overcomen typical dissociation threshold is often in the range af 1002¢ A distinction must be
highlighted here between multiphoton processes and multiple photon processes. In multiphoton
processes related to vibrational spestapy, absorptions of photepromote the subjected normal
mode tosuccessivig highervibrationalquantum states (i.e=0Y 1,thems=1Y 2, etc.)either

by overcoming anharmonic bottleneckswia nortlinear processesSince @ery molecule has
somedegree of anharmonicityransitionfrequencies decrease with every subsegjunenease in

the vibrationaljuantum numbefFor example, the = 0Y 1 transition frequency is¥kece higher

than that of the =1Y 2 transition in a diatomic molecule (assumMorse potentialvhereyece

is the anharmonic constanfA multiple photon pocess allows for many photons of the same
frequency to be absorbedh efficient energy transfer out of the excited state once populated. Here,
upon excitation of & = 1 state photonenergy s transf exxcoadi houmdogbasi
vibrational energy levelsknown as the bath stafésvia a process known as intmalecular
vibrational energy redistribution (IVR). Following I\VRhe aiginally excitednormal modes
depopulatedréturns to the = 0 stat¢ and is now capable of absorbing another photon of the same

frequency. This cyclical process is illustratedrigure2.2.
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Figure 2.2 Cyclic representation of the IRMPI[Process. A normal mode is

vibrationally excited by an IR photon. The energy is deposited into the bath states via

| VR, returning the original nor mal mode t o
molecule with incread internal energy. This cycle rege until molecular

dissociation occurs.

The repeated resonant absorption of photons leads to fragmentation of the species of interest and
is marked by a decrease in the intensity of a parent ion and the concomitaaganaretensity

of a fragment iofn the associated mass spectrum. A logarithmic ratio of fragmegtaihd parent

(Ipa) 0N intensities, known as the fragmentation efficiency Eg&.6), is recorded as a function

of IR wavenumber to generate the spectruthefparent iof®

0 - BO Eq 26
9t B0 BO q-<

A FEL is typically utilized for generating the high intensity beam of IR photons required
for IRMPD. The FEL at CLIO was used to producd RMPD spectra presented in this the$i&’
Briefly, a FEL produces IRhotons by synchrotron radiation emitted from electrons travelling at

relativistic speedgaccelerated by 10 50 MeV) through an undulator (sdéigure 2.3). The
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undulator consists of a series of magnets which alternate in tatialr of their poles. Emitted
photons are tunabhkia adjustment of the spacing between the magnets which produeege

range of wavelengthim the IR region of 3i 90 em and possess @ndwidth of~ 0.3 %. The
tunability of thefrequency dependent dine adjustable separation between the magnets. The light
emitted is trapped in an optical cavity by mirrors on either end of the undulator and stimulated
emission occursia interference \ith subsequent packets of electréhhe IR beam is then
directednto the Pautype quadrupole ion trg®1T) of a Bruker Esquire 3@+ mass spectrometer
where it is used to fragment the parent ion of intendsth have been introduced into the gas
phase by electrospray ionizati¢iSI). A voltage of 5 kV is applied tthe ESI needle and a2N
carrier gas at 18C assists the deliveryfdhe ions into the ion traflypically, IRMPD spectra
match best with global minimum geometries identified by DFT and often higher energy isomers
(+ 10 kJd/mol) are found to not contributethe observed speciraicating a ion traptemperature

of no mae than 25C. Trap pressures were on the order dof Torr therefore collisions should be

negligible.Figure2.3 provides a schematic overview of the electron source, the undulator, and the

QIT.

ebeam ™\ mirror

undulator
magnets

gun

accelerator

cavity
mirror

Figure2.3 Cartoondiagram of the IRMPD experimerRRelativistic electron packets

pass through an undulator which generates a high intensity field of IR photons by

synchrotron radiation. The IR beam interrogates the selected io@dTh &his figure

has been adapted from a review article by J. Ooraerad*®
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The CLIO FEL has a 40 ms duty cycle, wherein a 1 ps burst of ligmiised once every 16 ns

for 10 us. In other words, the sample experiences 625 1 ps bursts of IR radiation over the timespan
of 10 ps and is then given 39.99 ms to resg8ithe mass spectrometrilatais averaged over 10

duty cycles for every wavelength and a typical FEL step size wéas®chi®. The CLIO IRFEL

pulse train is represented on a logarithmic scakégare2.4.

40 ms.

10 ps.

16 ns.

v

Laser Power

¥ 1
I ps.
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Time (s.)

Figure2.4 Output IR pulse train by the free electron laser at CLIO.
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3 Reactions of Nitrous Oxide with RRS" (n =27 9)

3.1 Introduction

Rhadium has become an element of great mpoance due to the transi
abilities. There are many papers in the literature that discuss the use of rhodium as a homogeneous
or heterogeneous synthetic cataf&t®* With respect to the environment, rhodium is the catalyst

of choice for the decomposition of greenhouse géBEESs)produced by combustion engirfés.
Transportation accounts for 24 of GHGs produced by the economic seatdhe Urited States

with nitrous oxide comprising % of U.S. GHGs in 2013. Additionally, nitrous oxide remains in

the atmosphere for an average of 114 years, and is 300 times more effective at trapping heat than
carbon dioxidé€?® Catalytic converters are equipped on all transportation vehicles to decompose
GHGs. A wash coat possessing suspended particles of catalytic: ipletitaim, palladium, and
rhodium, B used todeposit the metals on a ceramic monolith with a honeycomb structure.
Deposition of small particulates increases the catalytic surface area and reduces the required
amount of the precious metal with comparison to catalysis on a bulk surface €Thei exhaasb s
passes through the honeycomb structure and the combustion bgdescarbons, carbon

monoxide, and NQ( including nitrous oxide) are decompos$éd.

Prior investigations show that the molecular interactions ofteurat déect sites of a
heterogeneous catalyst, which can be modelled effectively using gas phase ¥luBiéss.
approximation has been utilized by many researchers who have demonstrated the significance of
cluster size and eadsorbed speciés840.60877 Eor example, Hamiltoret al. usedDFT and
IRMPD to study the fdbwing nitrous oxide reactions on cationic rhodium clusters &h= 41

8).3
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Decomposition: Rh'"+NOY RhO"+ N (Rxn. 1)
Desorption: R*A DD Y Rh' + N2O (Rxn. 2)

Hamiltonds study obser ved ma sesldesgmpositionreactert r i ¢ ¢
(Rxn. 1) competing with the desorption reaction (Rxn. 2) on all cluster sizegt { 8).3® An
exception occurred fon = 5 which demonstrated only desorption ofON Additiorally, blue
shifted stretching modes of20 was interpreted as proof of terminal nitrogen bindin® NA

paper by Haneset al.subsequently investigated the anomalously low reactivity of ta&\NRB*

cluster using similar techniqué&sAgain, they also observed a preference for the desorption
reaction (Rxn. 2) of BD when irradiating in the region of the® bend (500 ci' to 700 cnt?t).
However, Hermes obpeed clusters of RO AJD*, which showed a clear preference foiON
decomposition; producing B@." and N. DFT calculations of the reaction pathways supported
the IRMPD results. The barrier t@® desorption from RI©" was found to be 28 kJ/mol higher
than decomposition on RB*. The barrier to MO desorption on Rfiwas only 1.9 kJ/mol higher

than decompositiarthe desorption pathway is favoured entropicalllyese studies have shown
that ceadsorbed species and cluster size can significantly alteriaredgarrier energetics,
changing the outcome of a reaction. The investigation in this chapter will focus on how the
presence of a eadsorbed sulphur atom, a known catalytic poison and fuel impurity, will affect

the NO surface reaction on cationic rhodimanoclusters:>1:7884

In addition to the effect of ecadsorbed species and cluster size on IR inducedioas,
the importanceof cluster size and geometry on rates of cluster surface reactions have been
demonstrate67:69.73.7677.8591 parry et al. observed rates of nitrous oxide decomposition and
desorption on Rh (n = 5, 6) occurring/ia blackbody infrared dissociation inF@urier transform

ion cyclotron resonanc&T{-ICR) mass spectromet&tExtended ion retention times (on the order
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of seconds) allow foabsorption of IR photons emitted by the ambient blackbody radiatior?4ield.
This study also highlighted the effects of cluster size and found evidence for the presence of
multiple isomers. Observing relative ion signal at a particular mass to charge ratio (m/z) as a
function of retention time shows decay of a peathvaim/zratio rresponding to RAA pO
(kobs= 0.075s"1) and growth of peaks for Bh (the desorption product) and & (the
decomposition product). Once again competition between reactions (R&and (Rxn. 2) is
observed on Rfi. The same experimewas conducted for RFA PO however no signal intensity
was seen to grow for Bh only growth of RBO*; indicating a clear preference for nitrous oxide
decomposition on Rh. The supporting DFT calculations determined the barrier to reaction (Rxn.
1) and(Rxn. 2) on RE" to both beca. 60 kJ/mol. On R4i the desorption reaction (Rxn. 2) barrier
wasca. 80 kJ/mol and the decomposition reaction (Rxn. 1) barriercaa®0 kJ/mol, favouring
decomposition. The addition of a single rhodium atom raisesatireer to desorption sufficiently
higher than the barrier tdecomposition and only the production ofsRhis observed. Also
reported are firsorder kinetic fits to the decay of parent ion intensity,/RRBD* (n= 5, 6). A sum
of exponentials was fountb provide a better fit indicating the presence of multiglariers.
Adlhartet al. made similar observations of the rates of alkane dehydrogenation reactions catalyzed
by Rh' (n = 17 30) under singkeollision conditions in an FTCR.2° A bi-exponential rate
consisting of a fastral a very slow rate were taken as evidence for the presémualtiple
isomeric forms of Rb". Clearly, the rhodium cluster size and geometry must be carefully
considered when modelling reactions of this nature.

Small clusters of rhodium atoms have gaedeinterest on their own due to their unique
magnetic propeies. A DFT study on Rh(n =271 15) clustersby Da Silvaet al.reported finding

large magnetic moments that increase with cluster’$ihis magnetic moment trend is in
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agreement with Hardingt al.and Lecourst al. who reported a 1%t grownd state multiplicity

for Rhe" and RRBS', respectively®’® Experimentally, Maet al. used simultaneous magnetic and
electric deflecton studies to find evidence of superparamagnetism in select cluster sizes of Rh
(n=6-40)% The smaller cluster sizes possess the largest magnetic moment per atom while the
larger clusters showed the gmetic moment per atom trending toward the bulk limit of zero. This
evidence points to the need to also carefully consider the multiplicity oédustthese reactions.

The foundations for the study presented in this chapter were laid in a publicgtion b
Lecourset al, a DFT study of R{&*° (n=1- 9) and RK*° (n= 2- 10).”° Using a potential energy
surface searching technique, basin hopping, in combination with DFT, clusterg§owedeto
prefer closed polytetrahedral geometries and high spin state electronic configurations which is
corsistent with results from pure rhodium cluster rese&féf® 48 *Additionally, Lecours found
sulphur prefers binding sites with larger coordination numbers than the oxygematonaidgous
RhO* clusters investigated by Hardirg al*%">8Using NBO analysis calculations Lecouts
al. determined that the tighter binding of sulphur in8H is partially due to favourable overlap
of atomic sulphur forbitals with atomic rhodium-drbitals, and bac#ionation from the Rh cluster
framework into atomic sulphur-drbitals. This orbital behaviour is reminiscent of metallic

bonding and suggests that sulphur valence electrons are partially delocalizisglaeraster.

An exhaustive computational approaghsutilized to study nitrous oxide decomposition
(Rxn. 3) and desorption (Rxn. 4) on cationic rhodium sulphur clusters containi@gt#dium

atoms, RRS" (n=2-9).
Decomposition: RS + N2OY RhSO* + N2 (Rxn. 3)

Desorption: RS'A BOY RhS'+ N0 (Rxn. 4)

21



Figure 3.1 illustrates the main goal of this study, determining the energies of the desorption
products, RS" and NO, and the stationary points on routéNi®® decomposition. These studies
will provide atomistic insights and a map of the decomposition mechanism (or poisoning thereof)

on heterogeneous rhodium catalysts.

(Rxn. 4) ? (Rxn. 3)
O/J_‘_OJ,E :)’;t

Figure3.1 A hypothetical reaction coonaiite diagram of competing reactio®x(. 3)
and Rxn.4) of NoO with RhS'.

3.2 Computational Methods
In pursuit of the main goal of this study the most accurate relative barrier heights possible must be

obtained of reactions (Rxn. 3) and (Rxn. 4) where 2- 9. Established above is the need to
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thoroughly consider geometric and electronic structure. To that end a PES searching algorithm,
basin hoppingwasused to locate stationary pointse(local minima) of the R{&" + N.O PES.

The stationary points ohterestwere RhS*AN,0, RS0, and RRSO'AN, (seeFigure 3.1).

Basin hopping providiigeometric isomers of the position of the moietiegIND, and M) relative

to thecluster cores (RI$" and RRSO") which remaiedunchanged bthe algorithm. The Ri$*

cluster cores are acquired from the study by Lecetia. and the RFSO" cluster coresvere
generated during the course of this stlftifhe cluster corestructures used from these studies
consised of the identified global minimum geometry and the higher energy isomp to
25kJmolP! above the global minimum at each cluster size. The isomers acquired from basin
hopping serve as candidates for the global minimum geometry of each stationary pé&intis

used to energetically order the global minimum candidates of each stationarywibi the
successful candidate possessing the lowest energy geometry and multilititthegeometries

and multiplicities of the stationary points have been ifledt optimizatiors of the first order
saddle pointi(e., transition state) which coeots the RES*AN20 and RRSO'AN, wereperformed.
Frequency calculationgereconducted on every structure computed so that normal mode analysis
can classify the struates as stationary points (0 imaginary frequencies), first order saddle points
(1 imaginay frequency), or higher order saddle points (>1 imaginary frequerféiEBquency
calculations are useful in two aspects; for prediction of vibrational spectra which can be dompare
to future experimental work and for the calculation of the molecular partition fanatiad
subsequently the thermochemical corrections to the electronic energies. A better understanding of
electronic structure in RB*AN20 can be achieved by conductiNO analysis. NBO analysis
provides many measures includirggabilization energies ofavious orbital interactions, atomic

partial charges by natural population analysis, and cluster stabilities by HQND gaps.
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The basin hopping studies were set toggate 5,000 to 10,000 molecular mechanics (MM)
optimized candidate structures based duster core size (n) and the number of dying
geometric isomers (<25 kJ/mol of the /8hor RhSO" global minimum isomers). MM was
chosen for its short optimizaticiimes (<5 seconds), a necessity when performing such large
numbers of calculations. Thehosen force field for use with MM was the AMBER force field as
implemented in Gaussian 9% The AMBER force field has been designed for use with organic
and biologically releant molecule€® It has been used here for proper treatment of @ N
moiety. Given MBEROGs i ntended use for biological SYyS
included and are therefore borrowed from the UAR.addition to the Cartesian coordinates for
each atom, MM input files also require the partial charge for each atom and any force field
parametes which are at already contained in the AMBER force field. The partial chavegees
found using the CHLPG partition schemé&’ The force field parameters inclugan der Waals
radii, force constants, and all equilibrium bond lengths, angles, and dihedrals. Determination of
these parameters is dependent on the previouS'Riudy which providedDFT calculated
frequencies for each cluster size and their isorffexsvIM optimization and frequency calculation
was run on the particular cluster being prepared for basin hopping using default AMBER
parameters for S, N, and O and UFF values for Rh. The results of this MM calcuat®n
compared to the previous DFT results. Alteratiomere made to the AMBER parameters until the
MM results resembtéthe DFT results (geometries and vibrational frequencies). A MM input file
for a RhS" or RSO’ cluster core with a randomly oriented@® O, orN2 moietywas submitted
to the BH algorithm which is discussed in detaiSiection 2.1.Df this thesis. The following BH
input parameters describe how the PES is sainpleThe Cartesian coordina

center of mass are altered by arandolnve o f 0 .wheireO d O 0.7 i and
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molecular moieties (0 andN) by a random d about the cent et
b45 Od O45. The maximum values selected for the translations correspond to the Shamtbst

length, 74 m found inH2.%° The Boltzmann temperature for the secondary acceptance criterion

was selected to be 40Gkhich lead to an acceptance ratiacaf 0.5 Lower temperatures resutte

in insufficient sampling of the PES while higher temperatures lead to the acceptance of
enggetically inaccessible structurégdditionally, bonds are restricted from compressing to values
shorter than 0.7 A and all atoms are constrained to be withibia eolume of 10 A x 10 A x 10

A. For small distortions the optimization process will typicaield identical geometries and
energies. Therefore, the candidates are sorted based on simultaneous uniqueness of geometry and
energy and the unique candidases subjected to further optimization using DFT, chosen for its

relatively low computationatost and good experimental agreenvefit!0.88.90.91.94

The chosen computational methods have been digerevious studies.”® The PBEO
functional with 25% Hartre€ock exact exchange energy witte thZVP basis set for sulphur,
oxygen, and nitrogen and Lanl2DZ for rhodium has been shown to accurately reproduce
experimental frequencies and magnetic rmeats of rhodium clustef8.’*% Low energy
geometries have been iddmd by DFT, however, global minimum identification still requires
determination of the lowest energy multiplicities. All geometric isomers within 250kdfrthe
lowest energy geometry are-optimized at various multiplicities to complete global minimum
identification of each stationary point of the reaction coordinate. Global minimum structures are
re-optimized using the TPSSh functional which includ®% Hartreg~ock exact exchange and
the Def2TZVP basis set on all atord%1°! This method has been shown to yield reaction barriers
which better reflect experimental results than the previous metPd¥4. In short, the

PBEO/Lanl2DZ(Rh), TVZP(S,N,O) method will be used to identify global minimum geometries,
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mulitplicities, and frequencies while the TPSSh/D&ZV/P method will be used to identify

reactionenergies.

Determination of the barrier to nitrous oxide decomposition, reactionw@s3,done
utilizing the synchronoustransit quashewton (STQN) eigenvector followingmethod for
optimization of transition state structurealled using the QST3 keywolt 1°7 This method for
transition state e;arching rquires three structures for the input: reactant, product, and a guess
structure for the transition state. As an examipigure 3.2 shows structures for inpth a QST3
calculation of RES*AN.0. The reactant and product structuaes global minimum structures for
RhS'A BD and RRSO'A B respectively. The reaction pathway studied by Hamétaal.for N.O
decomposition on R was used as a guide for modailithe RRS'A PO transition state
structures. This pathway involves the nitrous oxide molecule bending at the middle nitrogen to
bring the oxygen atom close to a rhodium atom. The pathway continues with forming a rhodium
oxygen bond, breaking the nitrogerygen bond, breaking the nitrogdmdium bad, and finally
a structural rearrangement to form a cationic rhodium sidgpbxide (RSO’ and molecular
nitrogen (N). Guess structures for the transition states were drawn keeping this in mind and to

best connect the reactant and product structures.

Reactant TS Guess Product

Figure3.2 Three input geometriassed for the determination of the transition state in
the nitrous oxide decomposition reaction & NoO Y 4FOh+ Na.
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3.3 Results and Discussion

3.3.1Geometric Structure
RhnS*AN20 n = 27 9. Figure 3.3 shows the global minimum geomies of RRS'A BO (n =2
9). All rhodium sulphur cluster cores possessed a distorted polytetrahedralTetdistortions
were a result of the 17Rh-S bondscompared tdRh-Rh bonds’;38:39.69.71.73,74,86,87,89,94, 10410
The average RRh bond was found to be 2.Z3which is in good agreement with the nearest
neighbor distances of 2.6% in the fcc lattice of bulk rhodiurtt! The binding of NO did not
induce a significant change in the geometry of the cluster corésegiswere observed to
maintained the same geometric shaptha bare RIS" species identified by Lecouet al.”® For
example, the RIB" cluster core pssessed a distorted pentagonal bipyramidal geometry. The
nitrous oxide molecule is bound by the terminal nitrogen atom to a sulphur adjacent rhodium atom.
This RKS'A PO cluster is representative of tNeO orientation and cluster core geometry for the

ertire series.

o e 90°

n=2

n=6 | n=8

Figure 3.3 DFT optimizedglobal minimumgeometries of RIS'A BD (n=2i 9) at
PBEO/Lanl2DZ (Rh), TZVP (S,N,0).
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RheS'A BO was the only clustgo show a change in the prefergebmetric shape of the
cluster core, R§&" when bound to BD. Interestingly, reconstruction of the underlying metal frame
work, caused by surface moieties, has been seen previously in DFT studiesOaf ¥hThe
global minimum geometry of RB" was determined to be bicapped octahedron with the sulphur
atom occupying a-8oordinate face of rhodium atoms (using DFT at PBEO/LanlZPZhe
global minimum identified here for B&"-N2O has the cluster core in a bicapped trigonal prism
geometry with the sulphur atom occupying-acbrdinateposition (sed-igure3.3). The Lecours
study identified the relative energies of bicapped octahedron (B€" RbkJ molPt) and the
bicapped trigonal prism (BTP) B (+5.98kJ molPY); these same two geometries were found to
be the lowest energy isomers here BRRS'A BD (0kJ/mol) and BGRhS'A pD
(+5.31kI molPY). These small differences in energy suggests both isomers are likely to be present
in a gas phasensembleas + 6 kJ md&i!corresponds to a Boltzmann populationcaf 0.09
Average percent differences of the-Rh and RES bonds in R§8* compared to RIS'AN.O were
2.8% and an average contraction of th®Mound RFS bond by 3.6% were the observedraies

upon NO complexation.

The binding of the BD moietyvia the terninal nitrogen atom is supported by observations
of a blue shift in the Nstretching mode by various spectroscopic methods on Pt(111), Ir (111),
Pd(110), and Ru(001), argon tagged.Rfm=41 8) gas phase clusters, and on monoatomic
complexes with the éoage metal$:*?116 Additionally, this binding has been observed in
ruthenium coordination complexes such as "®&y(d-N20)(P-N)(PPh)
{P-N = [o-(dimethylamino)phenyl]diphenylphosphane} by use tP(*H) NMR spectroscopy,
for examplet'™129|n a DFT study of these rutheniuraardination complexes a MO diagramas

generated based on electronic energies and separated orbital symmetry tteithestpatential
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for favourable overlap betweenaibitals of the Ru(ll) center and a nitrogen lone pair donating
orbital with *-symmetry. The analogous oxygen lone pair orbital was determined to be 338
kJmolP! below the nitrogen lone pair orbital and rikere too energetically different than the
metal dorbitals to overlap with thert? In this study, oxygen bound structures were fooad
30kJmolP! above the N bound structures. Many competing covalent andcowadent
interactions are likely responsible for the dominance of this motif. NBO calculations were

conducted to understand thature of this binding, the results of which are discussed below.

N20 bond lengths, free and 81 bound, are presented Trable3.1. The calculated NN
and NO bonds irRh.S'A BD are both shorter than their respective bond lengths in experimentally
observed free pD.!?' This difference in bond lengths will include, in addition to the
physicochemical differences between freelamand NO, any error from the theoretical treatment
of these systems. To focus on the gbgchemical properties responsible for the differing bond
lengths, comparisons are made to the calculated structure of fA@eatkhe PBEO/TZVPlevel
rather than th experimental values. Comparison to the calculated bond lengths df@edhe
N-N bondlength shows elongation and theQNbond shows contraction when bound ta%&h
clusters. The increasedMN bond length suggests reduced electron density betweeritribgen
nuclei. This could be possible through donation of electron density out-df addding molecular
orbital or into an antbonding orbital. The opposite applies to theONbond, the observed
contraction could be due to either donation into a bupair out of an amnibonding orbital
localized on the MO bond. Bond strength, molecularbdals, and electron donatiazan was
examined by analysis of the vibrational frequencies and the natural bonding orbital calculations
discussed below. In the sizegime of two to nine rhodium atoms,-NN bond lengths are

empirically fit to linear a fun@bn of rhodium atoms (seléigure 3.4 left). Extrapolation of the
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linear function for the dependence af. on the number of Rh atoms predicts an unbouars()

rv-n of 1.1203A, only 0.1% larger than the free;® calculation suggsts (Sedrigure 3.4 and
Table3.2). The NO bond lengths, as a function of Rh atoms, is empirically fit to a logarithmic
function, the limit as n goes to infinity would represent th® Kond length wherofuind on bulk
rhodiumwith sulphur impurities. This function predicts aNbond length of 1.17A for RhiooS'.

A computational study on 40 adsorption on Rh(111) predicis-x) and {n-o) of 1.153 A and
1.209 A, respectivel§?? Clearly, this logarithmic functiodoes not extrapolateell to the bulk
phaseA recent DFT/ZORA study on the interactions afwith nitrous oxide reported a negligible
change in the NN bond with a blue shift in the corresponding stretching mode, also observed here,
and a slight increasin the NO bond, réative to free NO. They concluded that charge transfer
from the platinum cluster to the moiety was responsible for weakening 4#Bebhind and

promoting NO decomposition?

Table3.1 Bond lengths of BD when bound to RB" (=21 9) and free NO.*?*1 The
third and fifth columns were calculated by taking the ratio of the diféerefthe free
N20. ThePBEO/Lanl2DZ (Rh), TZVP (S,0, Nunctional and basis sets were used.

Free - Bound Free - Bound
Percent Percent
n i (A) Difference o) Difference
2 1.1209 -0.16 1.1566 1.64
3 1.1210 -0.17 1.1595 1.40
4 1.1211 -0.17 1.1615 1.23
5 1.1214 -0.20 1.1633 1.08
6 1.1219 -0.25 1.1635 1.06
7 1.1218 -0.24 1.1651 0.93
8 1.1221 -0.27 1.1663 0.82
9 1.1225 -0.30 1.1642 1.00
Free (calc.) 1.1191 - 1.1760 -
*Free (expt.) 1.127292 - 1.185089 -

30



1.1281 Freer,, Expt. Free r,, Expt.

1.1271 1.1851
1.126 1.1801
< <
= 1125 = Free r,, Calc.
= % 1.175
S 1.124 S

—
§1.123 3 1170

=] n
81122— ] cﬂ1165_ .,———‘
Z1121  w — 2
= =z

1.160
1.1204

Freer,, Calc.
1.119- 1.155
1 2 3 4 5 6 7 8 9 10 1 2 3 4 5 6 7 8 9 10
Number of Rh Atoms Number of Rh Atoms

Figure 3.4 (Left) Dependence of the-N bond length in MO on the number of
rhodium atoms in th&hS" clustercore. In both graphs, red is the experimentally
reported value of the same bond length in fre@'Rfand blak is the calculated value.
The blue line represents a linear fiRight) Dependence of the - bond on the
number of rhodium atoms in the cluster. The blue line represeiogarithmic fit

Table3.2 Analyss of blue trend lines shown Figure3.4

y N-N Bond Length N-O Bond Length
X Number of Rh Atoms Number of Rh Atom:
Equation y =a+ b*x y = a - b*In(x+c)

a 112032+ 1.5098K10%  1.15787+ 0.00269
b 2.3075x10" £ 2.534x10°  -0.00382+ 0.00136
c - -1.29427+ 0.66274
R? 0.93253 0.93846

RhnS'A O  BS: Bapping thereaction pathway for M0 decomposition on RB* requires the
investigation of a rhodium sulphoxide clusters which are the products of decomposition, the

other product being molecular nitrogen. The same methods used for determiningkthle gl
minimum stuctures for RKS'A D (n =21 9) are employed for determining the global minimum
structures for RIS'A @n =27 9) with the resulting geometries presenteéfigure3.5. The DFT
studies of REO," (n =11 4) by Hadingeta.,.s howed oxygends preferre:
bridging two Rh atomsiff). d* (atop one Rh atom) is8.7 kJmolP! above the bridge isomer, and

the least preferred binding motif is coordination of three Rh atoms, referred to as hollow site

binding @), ~ 60 kJmol°* above the bridge isométThe RRS'A @ =27 9) stiuctures irFigure
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3.5 mostly show preference for a hollow site motif, with three cluster sizes showing bridging.
Energetic analysis of the B& A*@omers at the optimal spin state contrasts thg Risults by
showing hollow sit€0 kJ molPY), bridging (19kJ molPY), and atop (3kJ molP?) as the ordering

of preferred binding motifsi.e., d® preferred overd?). Sulphur prefers larger coordination
numbers, usuallg® or d*, once the rhodium clusters are large enough to accommodate this. The
high coordination number of the sulphur atom is a result of donation into and cotlutals on

the sulphur atom. This back donation allows sulphur to bedsifdt is a pseudmetal atom and
incorporate itself into the polytetrahedral mdtifThe oxygen atomic-drbitals are much higher

in energy relative to the valence atomic orbitals. Consequently, oxygen behaves as a surface atom

rather than incorporating into the geometric structure of thelditer core.

The polytetrahedral motif of the cluster cores{&hremained consistent between,8h
RhS'ABD, and RiSSAO, however, the addition of the ox
Rh-Rh and RES internuclear distances as compared withomstroxide. The most significant
changes occur at the coordination site of the oxygen atom, as one would expect. In most cases the
distances between the rhodium atoms that coordinate the oxygen increase. The degree of
perturbation decreases with increasmdrhis is seen by taking the average of theRkhbond
lengths and the average of the-8bond lengths in RB'A BD and comparing them to the same
values of the RIBFBAO structures. Therne2iwsicheducstbl ®atenc e
n=9. A notable exception was B®AO whi ch changes the met al fr
bipyramid in RBS*AN20 (seeFigure3.3) to trigonal prism with a Rh atom cap on a rectdag
face (') in RhS'A O, an effect of sur bQalnels ta BES'candb at e s
elsewheré®® The RRS' cluster has pentagonal bipyramidal shape with one of the pentagonal

corner positions occupied by a sulphur atom. Addition ofoth@en ate results in the RI$*
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cluster core taking on a trigonal prism geometry with a rhodium atom capping a rectangular face
and the oxygen atom in A O ¢ @ frigonahface opposite the sulphur atom (Bigire3.5).
This severe distortion of the B8 core amounted to the average internuclear distances changing

by 8.7% upon addition of the oxygen atom.

n=6

Figure 3.5 Global minimumDFT optimized geometries of RBO" (n=2b 9) at
PBEO/LanI2DZ (Rh), TZVP (S,0).

RhnSO*A Bin=2b9. The final reaction minimum that requires attention to complete the model of
N2O decomposition is @ahodium sulpide oxide cluster core with a molecular nitrogen tag,
RhSO'A b(i.e., chargeinduced dipole complex). Global minimum structures provide insight as
to the location of the Nmoiety relative to oxygen following breaking of the nitrogen oxygamdb
This information is pertinent to determining the structures of theSRnBODY transition states
Utilizing the global minimum and losying local minima from the RIS'A O s t ySDW hlis R h
studied by varying the position and orientation of ridlative to the RRSO" cluster core for
n=271 9 through BH. The resulting geometries are present&yure 3.6. Nitrogen was found

to bind to a single rhodium atowia a single nitrogen atongt). This binding motif is similar to a
recent study P Klein et al which investigated N adsorbates on purenadium clusters,
[Rhn(N2)m]" N=6-15, m= 1-1611° The geometry of RISO" remained consistent between the
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RS'A O a RSD'ARistudies. For most cases, the positioning of the oxygen atom did as well,

the exception being RBO'A N The global minimum structure for BT A O i nvol ved t he
atom bridging ¢°) two rhodium atoms (seigure3.5), one of the Rh atoms is also sulphur bound.

The resulting global minimum structure for dSIO'A hhas the oxygen atom capping one of the

four equivalent trignal faces furthest from the sulphatom. The apparent relocation of the
oxygen atom may have resulted from the influence of molecular nitrogen, a previously seen effect

of binding NO to RRS" and when comparing the cluster core geometries @8#4.0 ard
RheS'£0.7>88 The averag N-Rh-O bond angle was 178° + 1.2°. The directionality indicates that

the binding of N moiety may possess some covalent nature. This rearrangement of the global
minimum core structure fan = 9 displays the preferencerfthe approximately linear-Rh-O

bond angle requirement.

9
n=8 n=9 N

Figure3.6 Global minimum DFT optimized geometries of BID'AN2 (n=21 9) at
PBEO/Lanl2DZ (Rh), TZVP (S,0, N).

Plotted inFigure 3.7 are the NN bond lengts for the global minima of the Nnoiety

bound to clusters of RBO'; the calculated free N\Noond length is represented by a dashed line.

The NN bond is elongated by the presence of the metal cluster and continues to increase with the
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cluster size overhe range studied here. This indicates a donation of electron density from the

clusterintote o * LUMO and/ or domawmol¥n out of the N

1.102 -
1.100- / —t
< 1.098+
§ /Free N, Expt.
Z 1.096- _d
Z
=1.094- /
1.0921 Free N, Calc.
1.090

2 4 6 8 10
Number of Rhodium Atoms

Figure 3.7 N-N bond lengths in RISO'A N calculated at PBEO/Lanl2DZ(Rh),
TZVP(S,N,0). (Black) Free N bond length calculated at PBEO/TZVP afRied)
experimental?*

Plotted inFigure3.8 are the RFN bond lengths for RIS'A BD, Rh*A D, and RRSO'A B
Published structures for R PO were reoptimized at PBEQihI2DZ(Rh), TZVP(N,0%*In all
cases there is a decreas¢hia clustermoiety separation indicating tighter binding to larger metal
clusters of RES'A D, Rh'A BD, and RRSO'A bl At all cluster sizes molecular nitrogen is bound
more closely to the metal containing core.(RhSO") than nitrous oxide (RIS core). Given
the catalyst poisoning reputation of sulphur one might expect a preference of nitrous oxide
desorption for the sulphur clusters, and therefore elongateld BRbnd lengths. Surprisingly,

nitrous oxide is binding more tightly to the sulphurstés than the pure rhodium clusters.
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Figure 3.8 Rhodiumnitrogen bond lengths iRh*A BD (red), RhS'A BO (black),
and RRSO'A b(blue).

Multiplicity Studies. All basin hopping studies and DFT optimizatiomsducted to this point
were at the multiplicities that Lecouet al. determined to be the lowest in energy forn&h
(n=17 9).”® Global minima and higher energy isomers, up to 2m&lP! greater than the
minimum, were reoptimized at four dditional multiplicities: (2S+14, (25+1)2, (2S+1)+2, and
(2S+1)+4 where (2S+1) represents the originally optimized multiplicity. This was done to achieve
the most accurate reaction barriers possildditionally, there is precedent for reactions
involving openshell transition metal complexes to undergo electronic state crossings, changing
the multiplicity, during the course of a reactih.Four out of the eight-nalues studies here
retained the same multiplicity when bound teON The cluster sizes with different global
minimum mutiplicities between R{8" and RRS'A BD are highlighted iTable3.3 along with the
change in electronic energy when comparing th® Kound and unbound multiplicities all

four cases, the binding B0 reduced the multiplicityTheenergetic differences here are so small
that DFT is unable to definitively state which multiplicity is preferred. Regardless, at room
temperature electronic states up to 10nkP! above the global minimum make a significant
contribution (>1 % popuated, assuming Boltzmann population distribution at 298.15 K) to the

electronic partition function so all states withinkiDmol®* will likely contribute.
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Table 3.3 Multiplicities (2S+1) of the global minimma RhS' structures with and
without NoO bound to the surface. Differences in electronic energy g8HRhpO at
the minimum energy spin state of Shand RRS'A BO at the minimum engy spin
state.

Without With  &E
N,O N,O (kJ/mol)

n

2 6 2 5
4 8 6 2
7 13 11 17
8§ 14 12 6

Shown inFigure3.9, is a plotof the relative electronic energies for isomers o§RIN2O which

vary in RRS" geometry, NO orientation, and multiplity. This plot demonstrates the need for
careful consideration of the spin state as the energetic ordering between structural isomers i
multiplicity dependent. The large value of the multiplicities for rhodium nanoclusters have been
experimentally verifid spectroscopically and in magnetic moment measurerfietsitiplicity

is likely to have a large influence on reaction energetics of rhodium clusters with surface moieties

given that the relative energy of sgitate isomers are on the ordecaf25kJ molP*.
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Figure 3.9 Isomers of ReS'AN,O (global minimum inset) calculated at
PBEO/Lanl2DZ (Rh), TZVP (S,N,OPDifferent traces represent different isomers of
the RRS" core, anticubic prism with a rhodium capn top (ACTOP) and a fused
pentagonal bipyramid (FPBRyjth varied positioning of nitrous oxide.
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RhnS*A BDY n=2-9. Having now ascertained the key minima on the reaction pathway we are able
to conduct transition state calculations to map the decomposttititrous oxide on the rhodium
sulphur clusters. Hamiltoret al, among others, have previously described nitroxgleo
decomposition on Rh clusters to produce molecular nitrogen and oxidized rhbdibis.
information, along with experimental IRMPD evidence for terminal nitrogen binding guides our
exploration of the reaction mechanism on #8h3112116 Qur calclations show that erect
molecule bends toward the cluster and brings the oxygen atom in contact with a rhodium atom,
forming a RRO bond Next, the NO bond fractures and finally the R bond fractures and
releases N Transition stat€TS) structues were sought along this reaction path with optimized
structures consisting of a bent@ moiety bridging adjacent rhodium atoms via thenigal
nitrogen and oxygen atomBigure3.10). Normal mode analysis was conducted to validate these
structures as transition statés.(transition state geometries have only one imaginary frequency).
The imaginary frequency faach TS is assigned to aQ\stretching mode. The only TS structure
that differed was RIS*A BOY. This TS still involved the bentA® but without changes to the®

bond length or formation of a RD bond. Additionally, its imaginary frequency was assifgtoe

a N-N-O bending mode. This may imply the existence of at least two transition states in this
pathway; one for the bending ob® and another for the-® bond fssion, with the possibility of

a shallow local minimum between them. This minimum may b@&lasi to that identified by
Hamiltonet al.which consisted of the bent® molecule bridging two rhodium atorfislowever,

the studydetailedhere was unable to identify a shalkbying minimum for any cluster size dne

bending TS for any cluster size aside from 7.
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Figure3.10 DFT optimizedtransition statgyeometries of RIS*AN-0Y (n=271 9) on

route to NO decomposition at PBEO/LanI2DZ (Rh), TZVP (S,N,Dansition states
found using the QST3 method and normal mode analysis revealed 1 imaginary
frequercy.

Electronic energies of the TPSSh/D&f2ZVP optimized structures have been used to
estimate barrier heights for the following reactions. Note the charfgaédtional and basis set as

this method has been shown to better predict experimental reactiomes.

N20 Binding: RS'/AN0Y RS+ N0 (Rxn. 5)
N2O Activation: RS'AN0Y RhS'AN0Y (Rxn. 6)
N2 Binding: RhSO'MAN2Y RSO + N (Rxn. 7)
O Binding: RS'/AOY RS +0 (Rxn. 8)
N2O Decomposition: RS'/AN0Y RSO + Ny (Rxn. 9)

These lrrier heights have been tabulated belowTable 3.4 and have been used to
illustrate the reaction coordinate diagrantigure3.13 (shown only fom = 5 and 9 for clarity).

The NO binding energy decreas as the number of rhodium atoms in the cluster core increases.
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The larger binding energies of molecular nitrogen teS®h as compared with nitrous oxide to

Rh.S" agrees with the shorter R¥ bond lengths found in the RBO'A WNstructures. No trend is
observed for decomposition energies, but all are negative values which indicates energy is released
and the decompositioproducts are more electronically stable than th©® Nbound state.
Comparing activation energies for.® decomposition vs. desorption egge allows for a
prediction to be made with respect to which competing reaction will prevail at each cluster size.
Giventhe reputation of sulphur as a catalytic poison in solid phase bulk Rh metal catalysis, one
would expect the decomposition activatiorergy to be larger than the® binding energy. This

is true for five of the eight cluster sizes studied here as candseinTable3.4 andFigure3.11.

Thermal corrections to these relative reattmegies are discussed at the end of the vibrational

structure sectior8.3.3 Vibrational Structure.

Table3.4 Reaction energies for the desorption @ONrom RhS*, N> from RSO,

and O from RKS'. Also given ae the activation energies and the overall change in
energy for the BD decomposition on RB*. All values are changes in the Rpero
point corrected electronic energy calculated at TPSSh/D&YZP. All values are in
units of kamolP?.,

N,O Binding Decomposition N, Binding O Binding Decomposition
Energy  Activation Energy  Energy Energy React i

2 93 89 105 403 -106
3 88 91 100 353 -61
4 84 98 126 360 -73
5 77 31 104 381 -101
6 67 63 114 356 -86
7 62 88 77 390 -124
8 60 64 94 389 -126
9 61 104 100 407 -143
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Figure 3.11 The difference in energy between theONbinding energy and the
decomposition activation energy on48hat each cluster size. Positive values indicate
that NO will desorption and negative valuieslicate thatN>O will decompose.

Figure 3.12 shows the lowest energy multiplicity of each cluster size for each of the
structures investigated along the reaction profile. The multiplicities of the transition state structures
were chosen to ben¢é same as the reactant multiplicity. However, whentthesition state
structure for a cluster failed to converge after several attempts, the multiplicity was changed to be
closer to or match the multiplicity of the RBO"™-N2 structures. This facilitateduccessful
convergence. Only two cluster sizes showechange in global minimum multiplicity when
moving from the N bound RRSO' to the unbound structure. All cluster sizes show a change in
global minimum multiplicity at some point during the reactiohis requires a crossing of

electronic states.
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Figure3.12 Multiplicities of the global minimum structure for each reacstationary
point and the transition statat each cluster size. Calculated with B®Band
Lanl2DZ(Rh)/TZVP(S,N,O).

To further our understaimg of the effects of the sulphur atom on reaction barriers,
TPSSh/Def2ZTZVP Rh*AN2O structures have been obtained and transition states have been
searched using QST3 and normal mode analysisaaslone for R{&". Unfortunately, successful
completionof the transition state optimization of RAN20’ could not be achieved..® binding
energies and the activation energy for the decomposition reaction have been computed and

supplied inTable3.5.
N20 Binding Rh'"AN20Y Rh'" + N2O (Rxn. 10)

N.O Activation Rh'"AN0Y Rh'AN0O (Rxn. 11)
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Decomposition appears to be the preferred reaction, showing a lower barridesioaption for

five of the seven cluster sizes computed. Nitrous oxide binds more strongly to pdi@nrho
clusters as compared with sulphur doped clusters with the same number of rhodium atoms. To
provide insight into the observations made of the eletrenergies, analyses of the electronic

structure have been conductatl are discussed below

Table3.5 Reaction energies for the desorption eONrom Rh'". Also given are the
activation energies for 20 on Rh". All values are changes in the Rpero point
corrected electronic energy calculated at TPSSBADZVP. All values are given in
units of kamolP?.,

N,O Binding Decomposition
Energy  Activation Energ)

2 100 51
3 75 12
4 86 113
5 69 106
6 70 39
7 68 -
8 81 35
9 91 69

Nitrous oxide binding energies on Ritlusters reported here agree well with similar
calculationgeported by Hermest al*® For example, they reported binding enesgior Ri5*A BO
of 69.8 KkmolP* and RRB'A BD of 74.3 kimolP'. However, their reported decomposition
activation energies of 73.8ImolPfor Rh*A BD and 67.5%J molP! for Rhs*A BD do not agree
with those that we calculate. These inconsistencies imtrge of the optimized transition states
relative to global minimum geometries of the nitrous oadand stationary points illustrate the

need for experimental validation of theoretical studies such as this.
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Figure3.13Reaction coordinate diagrams of nitrous oxide decomposing s$i Rid

RheS'. Inset: Barriers of BD desorption versus decomposition or'Rind Rly*. Non
zeropoint corrected electronic energies have been used to determine the barrier
heights and were calculated at TPSSh/D&R2VP.
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3.3.2Electronic Structure

Results from second order perturbation theory analysis of the Fock matrix in the NBO basis of
RS'AN0 (n=279) and RR*AN0 (n=27 9) are presented iable 3.6 and Table 3.7,
respectively. This analysis reports on deaoceptor relationships betem molecular orbitals and
their calculated stabilization energies. The stabilization energies over intesastich involve

MOs localized on Rft or RmS" donating into NO are totaled in the second column of each table.
Clusterto-ligand interactions gpear to be stronger in the sulphur analogs than in the case of pure
rhodium cluster cores. This contrasts ttend observed in the electronic binding energy results
presented earlier ihable3.4 andTable3.5, which showed nitrous oxide to bind more strongly to
Rh," clusters tharthe RhS' clusters. The third column dfable 3.6 and Table 3.7 contains the
percentage of the total stabilization energy in whici®© Nantibonding orbitals, of mostly
character, ads theacceptor. The presence of electron density iarbitals would reduce bonding
character, and therefore molecular rigidity ofNA less rigid NO molecule is more likely to be
capable of participating in the decomposition mechanism which redpgrebrg and subsequent
fission of the NO bond. The involvement of these MOs as acceptor orbitals is more significant in

the pure rhodium analogs.

Also examined are the MO interactions where th® Rolecule acts as the donor, the totals
of these interaatins ae presented in column 4. The sulphur analogs show thg@eddhor
interactions to be more stabilizing than thMNacceptor interactions, for every cluster size. In the
case of the pure rhodium analogs these two interactions are closer in magnttucgenve
instances of BD-acceptor interactions being greater tha@®@onor interactions. Donation out of

bonding” N20O orbitals is consistently present and more so in the pure rhodium clusters, see
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column 5. The final column presents the largest corttitto N>O donation, the terminal nitrogen

lone pair, as one could intuit.

Table 3.6 Stabilization energies of molecular orbital interactions as determined by
NBO analysis. The summation of all Mi@teraction energis with RRS" or N.O

acting as the donor are presented as well as the degree of involvement of chemically
relevant orbitals.

. Rh,S Donation Acceptor:  N,O Donation Donor: NO Donor: N Lone
Species

(kJ/mol) Noh 7 F (kJ/mol) " (%) Pair (%)
RhSuN,O 246 28 387 4.4 93
Rh,SuN,0 374 26 376 3.7 93
Rh,SuN,O 223 39 430 5.4 90
RhSuN,0 218 29 423 5.3 90
Rh,SuN,O 216 49 360 5.4 90
Rh,SuN,O 293 31 339 5.4 90
RhSuN,0 303 45 408 6.3 89
Rh,SuN,0 256 41 402 6.0 88

Table 3.7 Stabilization energies of molecular orbital interacticas determinedyb
NBO analysis. The summation of all MO interaction energies witfi &N2O acting
as the donor are presented as well as the degree of involvement of chemically relevant

orbitals.
Species Rh," Donation Acceptor: NO N,O Donation Donor: NO Donor': N Long
(kJ/mol) R C) (kd/mol) ~ (%) Pair (%)
Rh,"uN,O 150 69 240 2.4 94
Rhy'uN,0O 103 51 243 5.5 90
Rh,"aN,O 133 42 300 7.6 86
Rh'uN,O 203 54 169 10.1 84
Rh,'uN,O 184 51 194 7.9 86
Rh,'uN,O 248 43 359 7.9 86
Rh;'uN,O 251 41 205 8.0 86
Rhy'uN,0O 275 45 386 7.8 87

Figure 3.14 shows the summation of the stalalibn energies from cluster donation to
nitrous oxide and nitrous oxide donation to the cluster for both the sulphur and the pure rhodium
clusters. In general, more stabilipat energy exists betweenn® and RRS" as compared with

Rh.*, supporting the loer binding energies found for RA BD. The change in stabilization
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energy, according to NBO analysis, with cluster size bears no resemblance to the trend in binding
energiegeported earlier. These inconsistencies likely point to covalent interactiobgsingtthe

dominant binding interaction.
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Figure 3.14 Black Summation of RfS" donation and BD donation stabilization
energiesBlue Summation of RK donation and DD donation stabilization energies.

Resuts of natural population analysis for the computation of atomic partial charges in
Rh*A DD and RRS'A BO structures are given iRigure 3.15 and Table 3.8. Summed partial
charges for the Rhand RRS" core are plotted ifFigure3.15A. Summed partial chargesrfthe
N20 moiety are plotted ifrigure 3.15B. Values further from the nominal chargesge+far the
cluster core andeéor N2O, indicate a higher dege of charge trafer. The total charge for the
cluster cores is less thanetbr every cluster size in both analogs ang®Npossesses a slightly
positive charge. This points to an overall charge transfer occurring in wh@kidhates electron
density tothe metal clustecore. This effect appears to diminish slightly with cluster core size.
When comparing the two analogs, it is obvious that the sulphur clusters are experiencing more
charge transferc@. 0.022) than the pure rhodium analogs for all valugn studied. Tle lower

partial charge on the sulphur doped clusters compared to the pure rhodium clusters and the higher
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partial charge on theZ® moiety when bound to the RBi clusters versus the Rhmeans there is
less charge separation for sulplulmsters with theN.O moiety, and the electrostatic binding

should therefore be weaker on average.
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Figure3.15 Summedatomic partial charges oA] the cluster core and] the nitrous
oxide moiety. In ble are thepartial charges for the pure rhodium clusters and these
are given for the sulpir clusters in black. The partial charges were found by using the
natural populations analysis of the NBO calculations. Nominal total charge for the
cluster cores arele and tle NbO moiety are 6.

Table3.8 Total of the atomic partial charges for the cluster core and the nitrous oxide
moieties for the sulphur cores and pure rhodium cores.

Rh,SuN,O Rh,"w BO

n Cluster Core N,O Cluster Core  N,O

2 0.920 0.079 0.956 0.044
3 0.932 0.069 0.952 0.047
4 0.932 0.066 0.945 0.056
5 0.935 0.065 0.961 0.040
6 0.947 0.053 0.965 0.034
7 0.945 0.056 0.965 0.035
8 0.950 0.051 0.973 0.027
9 0.944 0.056 0.964 0.038

Molecular Orbital Analysis. Thedifference in energy between the LUMO and HOMO is a metric
for the stability of a species, where larger gaps indicate a more stable cétiptdhe HOMG
LUMO gaps &En.1) for theh andi -spin orbitals of RES'AN20 and RR*AN.O (=217 9) have

been plotted iffigure3.16. aEw... for theh -spin orbitals of RKAN2O indicate at most cluster sizes
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(excludingn = 8, 9) pure rhodium analogs fornmaore stale complex with nitrous oxide than the
sulphur doped analogs, which agrees with the compuéd bihding energie¢Table 3.4 and
Table3.5). The peaks at=5 i n -spintorbitals)of both analsgndicate that this cluster size
is the most stable of the series which agrees with the experiffiadiag of anomalously inert
Rhs clusters® All four series show similar trends, peaksat3i 5, followed by a decrease in
cluster stability with the lowestEH. values at the largest cluster size. THgoagrees with the

trend in binding energies which decrease with cluster siz
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Figure3.16 HOMO-LUMO gaps of RRS'A D and RR'A BD (=21 9). The open
shell nature of small rhodium clusters required ke of an unrestricted functional
which calcul ates U and b spin orbitals sepa

As anexample, the frontier molecular orbitals (FMOs) fors&&A D and RE*A BO are
given inFigure3.17. All FMOs involve the metal core intering with the FMOs of the &N2O
molecule (sed-igure 3.18). This highlights that electron density is populating thesystem of
nitrous oxide, relaxing the rigidity of 2. A less rigid NO molecule is more capable of
participating in a mechanism which requires a bent transition state. Within the metal core itself the

di sruption caused by the incl u$lOMOof R¥MNA@ sul ph
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consists of ebrbitals localizedn each r hodi urmUMGcoom swhsitl setypefh ea U a
orbitaldelocalized across the entire cage with a nodal plane along the equatorial plane ef the Rh

moiety (sed-igure3.17).

HOMO LUMO

®.&
L

Rh,"*N,O

Figure 3.17 T h e-HOMO (left column) @& d -LUMO (right column) orbitals of

RheS'A BO (top row) and R$TA pD (bottom row). These FMOs illustrate the overlap

of the metal coresandtamttb ondi ng °~ nitrous oxide orbital
thesulphur atonrorbitalsis also see.

The sulphur atomic-prbital spreads out over the rhodium atomiorditals and shows a small
amount of over | ap -swsiem.iThet ahreg en,i td eolucsorbitbkiofatieed "¢ | u ¢
Rhs" U-LUMO is lost when the sulphur atom is included. Th&ds of the other cluster sizes can

be described in a sifar fashion.
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HOMO LUMO

Figure3.18 Frontier molecular itals of NO. Calculated at HF/81 for the purpose
of qualitative discussian

At this point it is hgbful to summarize the analyses conducted and the information they
reveal about RIA D compared with RiS'A O clustering stabilities. The optimizedayeetries
provide RAN bond lengths that are shorter in.R PO clusters than in RFA PO and NBO
analysis indicates greater stabilization energies inS?h BD clusters between the cluster core
(Rh,S") and NO MOs (likely due to the shorter Rt bondlengths which provide better overlap
of the MOs). Moreover, atomic partial charges indicate more chargsfdraoccurring in the
sulphurdoped species than in the bare rhodium species, which is not unexpected given the
comparatively larger degree of MOenap between the ligand and cluster core moieties. These
results indicate that there is a greater intevadbetween the cluster core and thgNigand in
the sulphwdoped systems and suggest that thaSRhBO clusters are more stable than the
analogais RW*A bD clusters. However, the:® binding energies and the HOMQMO gaps
are larger in RKA BOD clusers, suggesting a greater relative stability for the"/RRO clusters.

Based purelyn these electronic structure calculations, there is still someguity with respect
to relative stability / reactivity for the bare versus sulpthoped clusters. To atify this situation,
it is necessary to consider the vibrational structure of the clusters and its impact on the reaction

profiles of the sulphucontaining systems.
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3.3.3Vibrational Structure

Normal mode frequencies corresponding to each global minimum gsoamet transition state
structure has been predicted. These calculations verify the structures as minima, transition states,
or higher order saddleopits. The computed frequencies can also be used for comparison with
future experimental work, such as IRBMPAdditionally, the frequencies of the molecular moieties

(N20O and N) can be compared when bound to the cluster or when free of the clusterit® prov
insight on the nature of the binding interactions. Finally, thermal corrections to the electronic
energes, which include contributions from the vibrational partition function, are included to

understand how the competing ligand surface reactions efevb at room temperature.

As an example, the predicted vibrational spectra for two isomerss8f/&RbD ae shown
in Figure3.19. Figure3.19A shows all 3N6 vibrational modes for the identified global minimum
isomer andFigure3.198 shows the 19 modes at frequencies less than 760 Eigure3.19C and
D show the same data for an isorfaund at 58 kdnolP! above the global minimum. Highlighted
in blue are the PO stretching modes. The-N stretch is predicted to appear at approximately
2471cmP! and the NO stretch at 1403 cPd which are both blue shifted relative to the same modes
of free NeO at 2417 critt and 1375 ci?t respectively; represented by vertical dashed lines. This
trend is also observed in IRMPD experiments and DFT calculations 6AR® (n=417 8) by
Hamiltonet al2 The red highlighted peaks atee degenerate bending modes e®DNagain with
dashed linedicating the value of free 0 at 604cmb!. When bound to the cluster the bending
modes are red shifted and their degeneracy is lifted to yield two closely spaced frequencies at

approximately 58@mP! and 587cmP.
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Figure3.19 (A) Predicted vibational frequencies ahe RhsS'AN2O global minimum.
Blue highlights indicate the stretching frequencies gd NB) Magnification (100x)

of low frequency vibrationdor the global minimum. Green highlights sulphur
vibrations that are unique to each isoraed red highlights pbO bending modegC)
and (D) The predicted vibrational frequencies arf isomer 5&J mol°! abovethe
global minimum. Dashed lines indicate the values of the calculated €& N
frequenciesAll frequencies computed at PBEO/Lanl2DZ(Rh), TZVP(S,N,O).

Comparison of the spectifagure3.19B andFigure3.19D, for the two isomers reveals a difference

of only 2cmP! between their BD bending frequencies which are therefore insufficient for isomer

identification. As such, the low energy vibrations will prove mordulse Figure3.19B and D

candidate peaks are highlighted in green. The peaks at 458°140cth367.34 cit in Figure

3.19D are assigned to sulphur stretches which are specific to coordination by 3 rhodium atoms;

the arrangement found iha higher energy isomer. The vibrations predicted to occur at less than

150 cn®! Figure 3.19B correspond to group breathing of the rhodium sulphur core and

simultaneous wagging of theo®@ moiety. These low energy, low intensity nesdwould be

difficult to measure using standard abgimnp techniques. IRMPD is known to be very sensitive,
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especially when a weakly bound, typically Ar, tag is pre3éhit®Cluster breathing modes would

be unlikely to cause fragmentation except for very high quanta of excitation, but when
vibrationally redistributed to a weakly bound tag, energy riesbat less than 150 Emwill
redistribute to the tg causing desorption for relatively low quanta of excitathaiditionally, the

weak van der Waals bindiragsociated with rare gas tags should not lead to significant differences

between the bound anehbound cluster vibrational frequencies.

The wavenumérs of the fundamental bands of freeON(dotted lines) and the
wavenumbers corresponding to the same vibrations in the cluster bound species as a function of
cluster size are presentedrigure3.20. Excellent agreement is found between the calculated and
free NO ( 1 cnP ) fundamental transitionhe NN stretch and the 10 stretch have both been
shifted to higher wavenumber. The bending modes, which are degendraeeNO, are observed
to be nordegenerate when bound to #8h These shifts agree with many experita¢érand
computational studies and they are attributed to bindiaghe terminal nitrogen aton3:}14116
Notably the IRMPD and DFT study by Hamilten al. on NbO bound to Rk (n=41 8) fourd
N2O stretching frequencies blue shifted by ~4CPthor the smaller clusters which drops to
~30cmP?! for the larger cluster sis. Hamilton was also able to exclude the possibility 69 N
binding by the oxygen atom as DFT predicted a 60'aed shift inthe N-O stretch which was
not seen in any of the IRMPD spectra.dependence on underlying cluster structure is indicated
by the lack of a strong correlation of,® stretching frequecies to cluster sizé.The
experimentally observed baing frequencies for bound,0 arered shifted by ~3@mP! when
compared to unbound and red shift further with increasingesisgte. The bending modes were
observed to maintain degeneracy within experimental error indicating the high degree of local

symmetry for the NO binding site. The only exception was in the spectrum efR®* which
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showed the two bends separated by ertB'. For our vibrational analysis, DFT predicts lifting
the degeneracy of the bending modes by ~2¢' éomn n > 3. This is primarily due the presence of

sulphur breaking the symmetry of the cluster core.
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Figure3.20 Vibrational frequencies aéxperimentally observefilee nitrous oxid&’

(red) and calculatedo{ack). DFT predictions for the M stretching, NO stretching,

and NO bending frequencies are presented in the top, middle, and bottom panels,
respectively forRmS'AN20 (n=2i 9) (blue and green). All frequencies were
calculated aPBEO/Lanl2DZ(Rh)TZVP(S,N,O)

The blue shift observed in the® stretching frequencyF{gure 3.20 middle) relative to

the same values in frédO is consistent with the calculated stronge©Nbonds. This can be
understood using the results of the NBO analysis and the FMOsOofdé¢eFigure 3.18). The
FMOs of NO both possess nodal planes between ti@ bbnd. Donation out of the HOMO

should serve to shorten and strengthen ti@ bbnd while donation to the LUMO should serve
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to elongate and weaken theQNbond. The NBO analysis shows thath processes are occurring
however the stabilization energy of®l donation is larger than that of & donation implying

that RO HOMO donation isnvolved to a greater extent than LUMO acceptance. Donation from
N20 to the metal cluster is also suporby the calculated partial charges which indicate reduced
positive charge on the cluster and increase positive charggdmNNrous oxide HOMO dorien
shortens the MD bond length, increasthe force constant, and blue shifie stretching frequency
The involvement of the X0 FMOs wi th the cluster -systameok al s o
N20 by populating internuclear nodal planes and allosvNbO molecule to be more flexible. A
more flexible NO will require less energy to bend and therefore display red shiftingaenting
modes. Additionally, NO HOMO donation would result in elongation of theNNbond and a
vibrational red shift as etéron density is transferred out of theNN -bonding orbital; however,

a blue shift is observed and therefore a different exptamatirequired. Interactions between MOs
localized on the terminal nitrogen atom and.&icluster orbitals dampen the tréatson of the
nitrogen atom therefore increasing the amount of energy required to induceNtstrétching
vibration. NBO analysigdentified one such nitrogen lone pair orbital which accounted for
ca 90% of the NO donor stabilization energyéble3.6). It is this blue shifthatwasusedas a

signaturan experimental studies to indicate binding of thenieal nitrogen atoni:''4116

Normal mode analyses are also conducted for the oxide clusters. As an example, the
predictedvibrational frequencies for R840 are presented iRigure3.21. Panels A and C are
showing the full vibrational spectrum for the global minimum isomer (+d&3*) ard a local
minimum isomer (+59.XJ molPY), respectively. Panels B and D show only the low frequency
modes (<35@mP?) for the global ad local minimum, respectively. The most intense peak at

711cmPlin the local minimum and 64@mP! in the global minimum is assigned to an oxygen

56



stretch during which the oxygen atom is translating along a displacement vector that is
perpendicular to thBh-Rh bond being bridged by the oxygen atom. The second red highlighted
band in panels A and C a29 cnP! and 283 crit, respectively, is assigned to the oxygen atom
rocking between its two binding rhodium atoms. A third isomer distinguishing featuregin ig
panels B (327 cht) and D (250 c), is assigned to the sulphur atom rocking among three

rhodium atoms in the high energy isomer and four rhodium atoms in the global minimum structure.
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Figure3.21 (A) Predicted vibrational frequencies of RS*A @lobal minimumand
(B) x10 magnification of th low energy vibrations. @) Predicted vibrational
frequencies of aRB'A O i s 0 m®.2kJ ol ahoge the global minimurand
(D) x10 magnification ofthe low energy vibrations Green highlightsa sulphur
vibration thatis unigue to each isomer and red highligimsqueO rocking modesAll
frequencies computed at PBEO/Lanl2DZ(Rh), TZVP(S,N,O).

As a representative example of the.8®'A\; vibrational anlyses, predicted vibrational
frequencies of RISO'AN. isomers are prested inFigure3.22. Panels A and B show the spectrum
of the global minimum geometry, fundamental transitions for alb3ddrmal modes and a 100x
magnificationin theregion of 0i 800cmP?, respectively. Panels C and D display the spectrum in
the same manner for a higher energy isomer at 9.6 kJ/mol above the global minimum. The spectra
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are dominated by theztretching frequency at 2420 Bhand 2395 ci?t for the glokal minimum

and the local minimum, respectively. The calculated stretching frequency offieeeNresented

by the vertical dashed line. The red shift of this frequency when bound indicates a weakening of
the Nb bond which accords with the inceszain tle NN bond length when Ns bound to RESO'.

Green highlights in panels B and D indicate features that may be used to assign potential
experimental spectra to their appropriate isomers. For example, a rhoxygen stretch appears

at 719 criit in the glokal minimum and 628 cht in the higher energy isomer.
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Figure3.22 (A) Predicted vibrational frequencies of tResSO*AN> global minimum
and (B) x100 magnification of théow energy vibrations(C) Predicted vibrational
frequencies of a RBO*ANz isomer lying9.6 kJ molP above the global minimurnd
(D) x10 magnification of théow energy vibrationsRed highlight indicates the N
stretching frequency and the calculated fre@sNindicated bythe dashed line. Green
highlights indicate distinguishing featuresAll frequencies computed at
PBEO/Lanl2DZ(Rh), TZVP(S,N,0).

This difference is primarily a result of the coordination of two rhodium atoms in the global
minimum and three Ratoms in the Igher energy isomer. Similar behaviour is observed in a
Rh-O-Rh bend occurring at 523 &hin the higher energy isomer and 568°! in the global
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minimum. A sulphwrhodium stretch shows a considerably different frequency for each isomer;
403 cnPtin the higher energy isomer and 307%rm the global minimum. The frequency of the
clusterN2 moiety stretch occurred at very similar wavenumber for both isomers; 31'5ac

317cmP! for the higher energy isomer and global minimum, respectively

Figure 3.23 and Table 3.9 highlight the frequency seilts for select normal ndes for
increasing rhodium cluster size. The cblestretching frequency shows an overall increase with
the number of rhodium atoms. The change in this frequency with each rhodium atom mirrors the
change in the RN bond length wh each rhodium atom (sdégure 3.8). For instance, the
contraction of the RIN bond length from RISO'AN, to RisSO'AN, corresponds to the increase
in the coreN: stretching frequency over the same change in cluster size. Tkersktionship
exists between thezstretching frequencies and theNNbond lengths reported Figure3.7. The
cluster bound Bistretching frequencies are found red shifted from the calculated fitechkth at
2496.79 cril. In an experimental study, infrared spectra were collected from: BawNples that
weredeposited on a Csl window after generated by laser ablation of a rhodium target in excess
N2.128 The nitrogen stretching frequency was obséme2328.2 cit. Our calculated red shift in
the N stretching frequency has beexperimentally observed using infrared photodissociation on
Rh*A B(n =61 15)19The authors explain both the general red shift and the trend with increasing
cluster size. The gener-adn ore-daepthbriprbperties sflNe x p | a i
which is similar to obseations for the isoelectronic compound, CO, on metdhsas!?® The
increasing red shift with n is explained by a charge dilution model, previously used shifts
on Co and Ni. As the number of rhodium atoms increasgdsigive charge of the cluster is spread
over more atom This allows for a greater degree of electron density localization at interaction

Ssites creating greater ~ bamoitdonati on into th
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Figure3.23 Top The predicted Nstretching freqancy of RRSO'A B(n=2i 9) for

each value of n, calculated at PBEO/Lanl2DZ(Rh), TZVP(S,NEyttom The

predicted frequency ofthe coreN: stretching vibration along a dissociative
displacement veor.

Table 3.9 Predicted vibrational frequencies of fIO'A N (n=21 9) by DFT
PBEO/Lanl2DZ(Rh), TZVP(S, N, O).

Core-N Stretck N, Stretch

n (cm™) (cm’?)

2 305.16 2468.37
3 316.19 2444 .58
4 338.86 2426.21
5 315.44 2420.65
6 390.45 2372.16
7 335.24 2389.94
8 369.27 2376.87
9 375.46 2374.61

Calculation of the vibrational eigenstates allows for determination of the vibrational
partiion function at room temperature. Banination of the electronic partition function uses the
standard approximation of negligible population in the excited electronic states. This may lead to

a source of error in this study as the multiplicity studiesatad numerous electronic states with
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10 kJ molP* which corresponds to a Boltzmann weightingcaf2 %. The translational partition

function assumes ideal gas behaviour and contributes 3/2RT = 3R o the internal energy

at 298.1%, R is the ideal gas constaiithe rotational partition funicin contributes the same as

the translational motianfor nonlinear polyatomic molecules and RT = 2kd8nolP! as the
contribution from linear molecules at room temperature. This allows for calculation of thermal
corrections to the electronic energieseviinh can be used to apprexi mat e
and reaction barriers at room temperature. As an example, reaction coordinate diagrams for
RhS" + N2O and Rb* + N2O are presented Figure3.24. Black traceshow zerepoint corrected

el ectronic ener gi es whi |l e bl ue traces show
Comparison of blue and black traces for the sutfnpred species reveal a reduction in desorption
threshold while the transitioriage alonghe decomposition pathway exhibits a slight increase in

energy relativetotheclustthO bound state upon application of
Figure 3.24 shows the analogous desorption and decompnditiesholds for D on Rh*. A

decrease in both barrier heights are calculated. When thermal corrections are considered,
decomposition is still the energetically preferred outcomehé case of R&" + N2O, Gi bbséo
energy corrections change the prefemeaction from NO decompositionRxn 4; Pg.20) with

thermal corrections neglected todesorption Rxn. 3; Pg. 20 when thermal corrections are
considered. This is also found filen=3-9 ¢l ust er si zes. Gibbsd ene
activaton energies are given iRigure 3.25 and Table 3.10. Desorption barriers consistently
decrease by 40kJmolP! and decomposition barriers ie@ase by-571 15kJmolP! with free

energy corrections. The corrected new barrier heights show preferencgdfaelSlorption over
decomposition at every cluster size, sodfmonstr

bulk catalysis is mirrorin calculated reactivities for gas phase nanoclusters.

61



Relative Standard

ergy (kd/mol)

® O oo0o

Figure 3.24 Reaction coordinate diagram of competing nitrous oxide decomposition
and desorption on clusters of 1 (n=21 9) and Rh* (n=27 9) (inse). (Black)
Energy of stationary points determined using gt corrected electronic energies.

(Blue) Stationary points determined usi@g b ensr@y corrected electronic energies
at T=298.15K. Structures anérequencies calculated at $Bh/Def2TZVP.
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Figure 3.25 Binding energies of PO and O to Rk and N to RlmSO'. Energetic
difference of RKS'A BD transition state and bound minimui@lack) Enerdes

deternined using zergooint corrected electronic energiéBlue) Energiesdetermined
usingGi b lerser@y corrected electronic energies at 298.15K. Structures and
frequencies calculated at TPSSh/D&R2vP.
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Table 3.10 Binding energies of PO and O to RkS" and N to Rh\SO'". Energetic

difference of RKS'A BO transition state and bound minimu@h ange i n Gi bbsé
energy of nitrous oxide decomposition on,&h(n=27 9). Energiesdetermined

usingGi b lerser@y corected electronic energies at=P98.15K. Structures and

frequencies calculated at TPSSh/D&2vP.

N,O Binding Decomposition N, Binding O Binding Decomposition

Energy Activation Energy  Energy Energy k D x
2 52 88 59 362 -153
3 45 86 51 317 -116
4 41 101 81 312 -113
5 32 33 60 329 -140
6 30 72 63 311 -124
7 20 85 32 346 -169
8 18 63 47 345 -170
9 16 104 53 357 -184

For completeness§jgure3.26illustrates the impact of thermal corrections on the reactions
of N2O with Rh,* clusters. The desption barrier is consistently reducedday 40 kJ mol! while
the changes to the decomposition barrier are less persistent and inconsistent. Most cluster sizes see
a negligible increase of at most RDmolP!, excepin = 2 which sees a drop of about KEmolPL.
Table 3.11 compares the barriers heights of the two competing reactions and reveals no clear
preference across the entire series, with three out of seven clusters sizes showing a lower barrier

to decomposition.

64



N,O Binding Energy (kJ/mol)

Rh,*N,0 — Rh.+N,O Rh,*N,O — Rh "*N,O

100+ %120_
90 - - E =1
80. / S 3%
70 — 8 < 80
60 a o
50- E © g
404 o W
30 0 § 40
O =
204 ©
10 z 2 %
0 T T T T 1 2 O T T T T 1
2 4 6 8 10 2 4 6 8 10
Number of Rhodium Atoms Number of Rhodium Atoms

Figure 3.26 Binding energies of PO to Rh'. Energetic difference of R pD
transition state and bound minimu@lack) Energies determined using zgroint
corrected electronic energiefBlue) Energies determinedising Gi b kesefgy
corrected electronic energies at 298.15K. Structures and frequencies calculated at
TPSSh/DefZTZVP. Starting geometries taken from Haioin et al®® Convergence
could not be otained for RR*A pDY.

Table 3.11 Binding energies of PO to Rh" (n=27 9). Energetic difference of
Rh,*A DD transition state and bound minimum. Energies determined Gindg b s 6
energy corrected electronimergies at F 298.15K. Structures and frequencies
calculated at TPSSh/DefPZVP. Starting geometries taken frortamilton et al®®
Convergence could not be obtained forBhdO’.

N,O Binding Decomposition
Energy  Activation Energy

2 50 31
3 33 11
4 42 109
5 31 110
6 38 49
7 29 -
8 41 36
9 52 70
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3.4 Conclusions

Extensve mapping of the potential energy surfaces forF¥N.O, RRS'A O, a.8@A BR h
(n=271 9) has been conducted. The global minimum geometries of these clusters have been
identified at the DFT level of theory as well as transition states for th& RIN>O decomposition
reaction. Normal mode analysis confirmed the structures as stationary paiitis possess only

real frequencies of vibration, or transition states, which possess one imaginary frequency of
vibration. The geometric, electronic, and vibiomal structures of the global minimum isomers
were analyzed to understand the effects ofstiiphur atom on the two competing nitrous oxide
reactions; decomposition and desorption. It was found that when thermal corrections are
considered sulphur add raises the barrier height for the transition state-@ decomposition

and the desorptioreaction becomes favoured at every cluster size. Inclusion of a sulphur atom
effectively poisons BD decomposition on neimteracting, room temperature, catiomiodium

gas phase nanoclusters.

Studies of electronic structure were employed to further statedt the geometric
structures and to ensure the accuracy of the reaction barriers by identifying the lowest energy
multiplicities. Natural population analysiseidtified charge transfer from 0 to the metal
clusters. Greater charge transfer in the sul@malogs and larger stabilization energies suggest
Rh.S'A DD clusters should be more stable. However, greateriihding energies and HOMO
LUMO gaps are founchithe RR*A BO clusters. This creates an uncertainty regarding electronic
stability of RRS'A O clusters relative tRh,*A bO clusters. Results of these analyses were also
used to explain the calculated shifts in vibrational frequencies for bound liggatige to their

unbound frequencies. The interactions realized by NBO analysis and theno#lon the structure
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of the NO and N moieties indicates the existence of considerable covalent interactions. The
multiplicities of the global minimum structes accord with past computational and experimental
studies, finding a general increase in thtiplicity as the number of rhodium atoms increases.
For example, the largest cluster studiedsSRA BD, possessed 14 unpaired electrons, #efl5
multiplicity. Most cluster sizes exhibited multiple sgtates within 10 kJ/mol. These results point

to the need for multireference methods however current implementations are too computationally
expensive. As such, a future step may employ-tiegendent DFT whichonisiders the temporal

dependence of the electron density.

Geometry optimizations determingte preferred binding motifs studied clusters. Th® N
moiety prefers to bind a single rhodium atom im&thvia its terminal nitrogen atom. Binding of
N2 to RmSO" occurs through interactions of a single nitrogen atom to a single rhodium atom. The
oxygen atom preferred binding to two or three rhodium atoms depending on the underlying metal
framework. The binding of oxygen was also found to be the most disruptive gegometry of the
rhodium sulphur clusters. The global minimum geometries were used to predict the harmonic
vibrational spectra of each cluster and structurally identifying bands have been highlighted to guide

possible IRMPD experiments.
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4 Mode-Selective LaserControl of Catalyst Decomposition

4.1 Introduction

It is generally assumed that thermal reactions which result in bond formation or bond cleavage
proceed in an ergodic fashiarg., that energy is distributed stochastically and efficiently across

all internal states of the molecule{$y.1*® In other words, the reactivities of molecules depend
only on the total energy of the system and not on the means of activagiothé initial state of

the system***While there are examples of chemical systems which exhibiergodic behavior,

these are predominantly limited to very small molectfi€4*® Nevertheless, neargodicity has

been put forward as an explanation for the unexpected outcomes of etesntisfar reaction¥}”

151 and rapid abstraction/dissociation reactié®i$>3 To our knowledge, there are only two
examples of nowrgodic vibrational modselective behavior in larger molecular systems
containing several 10s of atoms, both of which are welaglynd ionic clusters. In 2@, Shaffer

et al reported on modselectivity in IRMPD of norcovalent ion pairs of triflate and
bispyridinium3* In 2015, we demonstrated mespecific fragmentation of amino aeid
containing clusters via Hthduced transparendy.In the earlier case, the namgodic behavior

was attributed to hinderddR, whi ch | ed to a | ocalized fAoverh
IR-induced fragmetation of the triflatebispyridinium system was particularly noteworthy
because it resulted exclusively in the production of triflic acid, indicating that the observed non
ergodic behavior occurred on a timescale longer than that required for the forohdtiemew G

H chemical bond. While there is some debate regarding the possible correlations between the

properties of gaphase and condensed phase spéefes studies like these provide interesting
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insights into molecular energy disposal / disition and pique the imaginations of scientists who

envision quantum control of chemical reactions.

To date, there have been no reports of IR nmmlective behavior in largeovalently
boundspecies. This suggests that the quantum states of molecut&mnsysan efficiently couple
and distribute energy stochastically throughout the molecule. However, if hindered IVR is a pre
requisite for norergodicity, one might expect modelective behavior to be common in chemical
reactions. For example, in organoaikt systems there is usually a significant energy mismatch
between the ligantbcalized normal modes and meligiand vibrations. Moreover, since these
vibrational motions are associated with distinctly different regions of the molaaeieti{ey
occupy different regions of phase space), the anharmonic vibrational wavefunction overlap is
expected to be quite small. Consequently, one might expect an IVR bottleneck to occur at the metal
center, resulting in localized overheating of ligands should thexdited modeselectively. Here,

we show that such a scenario arises in palladium catalysts.

Palladiumcatalyzed coupling reactions have become fundamental tools for controlled
preparation of carbdmcarbon and carbeheteroatom bond$”1%€ These ractions are tolerant of
most chemical functionalities, and they are regiad steriospecifit®’ Moreover, crossoupling
reactions are useful in condensation polymerization ovarthe fact that reaction yields can be
nearly quantitativé®®1%°This ease of use and breadth of applications has led to the ubiquity of Pd
catalysts in modern chemical synthesis.cBthlyzed reactions are initiated by oxidative addition
of PdL, where L is commonly triarylphosphine (usualyphenyphosphine, PR, with an aryl
or alkyl halide (RX). This yields a RPgX species, which is believed to be the resting state of the
catalyst in the cycl&®’179172 A simplified schematic of the Pehtalyzed coupling cyclis shown

in Figure4.1.
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Figure4.1 A schematic diagram of Pchtalyzed crossoupling reactions.
Prior to substitutio of the second alky or aryl group MRPd-catalysts can suffer from

interchange between theBdund R group and one of the phosphdyaand aryl moieties. This

allows the phosphortisound aryl group to enter the cressupling in place of the R grouphveh

leads to unwanted product mix¢st®’2*Thi s Al i gand scr amiprodoctsd c an
and result in the catalyst leavingethycle. Given the synthetic importance of thesedédlysts, a

more complete understanding of the impact of energy disposal on chemical reactivity is highly

desirable, since this might lead to elimination of side pctgifrom coupling reactions.

To investigate the structure and reactivity of¢dalysts, five complexes were chosen for
study. These are shown Higure4.2. Three omplexes of the form RPd(PHH (R = naphthyl
(2), biphenyl @), and isopropylphenyi3]) were chosn to study the effect of varying the organic
residue on the observed IRMPD behavior. Note that these species all potentially dxHifieA
agostic interactions, which have been proposed as stabilizing interactions for the migratory
insertion transition staté¥1’>We also examined the IRMPD behavior of PhPd(P(fe)eyl)4)

and PhPd(AsPl (5) to study the effect of varying the ligand composition. In the case of
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PhPd(P(fury).l, furyl substituents replace the plyenings of the phosphine group, and in
PhPd(AsPk)2l we replace triphenylphosphine with triphenylarsine to probe the impact of the

metatheteroatom bond.

PhsP. ... Ph P
’ \Pd® h P. ’ @
N N @
PPhy Pd\ PPhy
O PPh3

1 2 3

(furyl)sP. Ph3As

@ P(furyl)s @ AsPhg

Figure 42 The f|ve Pdcatalysts chosen for study. (1)

transbis(triphenylphosphino)¢haphthalenyl)palladium(ll), (2)
transbis(triphenylphosphino)(iphenyl)palladium(ll), 3)
transbis(triphenylphosphino)&sopropylphenyl)palladium(ll), (4)
transbis(trifurylphosphino)(tphenyl)palladium(ll), and (5)

transbis(triphenylarseno)¢phenyl)palladium(ll).
4.2 Experimental Methods
4.2.1Sample Preparation
Palladium complexes were prepared as outlined in E. Fileoral, Organomet. 28,
35183531 (2009)." Electrospray ionization solutions were prepared in dry acetonitrile at a
concentration ota. 100nM and were infused into the mass spectrometer at a rate ofL1p6r

hour.
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It should be noted that compountd8 and5 were studied as bare and acetonitdgged
complexes, whereas compouhvas studied as a bare complex and one which was tagged with

dibenzylacetone (dba). We were unable to produce the acetetagygel version of compound.

4.2.2Instrumentation

IRMPD experiments were carried out tite CLIO FEL facility.*”1’®1""The cationic Pd
catalysts, both bare and tagged with a molecule of acetonitrile, were préyaesectrospray
ionization and were isolated withtheQIT of a Bruker Esquire 3000+ mass spectromefee°
Trapped ions were thenadiated with the tunable infrared output of the FEL over a wavenumber
range of 900 2000 cm?. As the FEL was tuned, depletion of the parent ion signal and concurrent
enhancement in fragment ion signalsreveecorded to generate the vibrational absorption
spectrum of the catalyst. A detailed description of thé-HR output is available iilChapter2

Section2.2.1

4.3 Computational Methods

To aid in spectral assignment, a detailed computational study wascteddn parallel
with the experimental work. Asnexaust i ve search of each catal ys
undertaken using the basin hopping (BH) algorithfi:1’®The Pdcomplexes were first optimized
individually at the B3LYP/anl2DZ level of theory to better approximate their geometries, and
atamic partial charges were calculated using tiHECPG partition scheme. The cluster PES was
modeled using the Universal Force Field. To search the PES, the dihedral angles associated with
single bonds were randomly distorted1ts? Oq O+5° at each iteratin of the BH code. In total,
approximately 40,000 geometries were sampled for each catalyst. Unique structures were then

carried forward for geometry optimizati@t the B3LYP/lan2DZ level of theory where normal
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mode analysewere also conducted to pretiR spectra and to ensure that each structure was a
local minimum on the PES. For several of the complexes and fragments, calculations were also
conducted at the B3LYP/defezZVPPD(Pd), 6311++G(d,p)(C,H,P) level of theory test the
validity of the B3LYRLanl2DZ calculations. This computational study indicated that both
calculation methods yielded similar structures and harmonic spectri@igsee4.19 at the end of
section 4.4). Unique cluster sttues were identified based on zgraint corrected energy and

geometry.

4.4 Results and Discussion

4.4.10ptimized Geometries of Palladium Complexes

Foreach catalyst, the BH search strategy identified a single low energy isomer, which was carried
forward for calclation at the density functional level of theory to identify the most stable catalyst
geometry and provide accurate predictions for harmomiational spectra and thermodynamic
properties. The optimized geometries of compounBisare presented iRigure4.3. Figure4.4D

shows the calculated harmonic vibrational spectrum for the ground staiefoC N . I n compar
this spectrum with the experimental spectrum recorded in the acetonitrile loss cliagmed (

4.4A), we see that all major vibrational bands are reproduced by the calculation. The agreement
between the calculated and measured spectra indicate that the [Ripd{R®mplexes aopt

T-shaped geometries whereinbothPRlands are oriented orthogonal
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Figure4.3 DFT B3LYP/Lanl2DZ optimized geometries of compounels. 1
4.4.2Vibrational Spectroscopy

The analysis of the vibrational structure, both calculated abserved by IRMPD, of all
compounds is presentdeigure4.4, Figure4.5, Figure4.6, Figure4.7, andFigure4.8 display the

vibrational data of compounds 2, 3, 4, and5, respectivelyTable4.1 provides the assignments

of the fragmentation peaks for the spectra acquired by irradiating each compound without the
solvent tag and the ratof their ion coutto the total fragment ion count. Of interest for this study

is the fact that fragmentation channels other than loss of acetonitrile are observed by IRMPD. For
example, inthecase @A ACN, | R excitati on a4, s NalpdidadtP ht o f
loss of benzene (sdd@gure4.18 at the end of this sectidior proposed reaction mechanisms).

These product channels have been observed previousigss spectrometry studi€$lt should

be noted thahis fragmentation behavior is dependent on laser fluence; all fragmentation channels

were observed when the full 1.5 W output of the FEL was utilized, but when the IRwzesam
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attenuated by O 5 dB, | oss of ACNctionosSPPihe on]l
must, by necessity, proceed via ligand migration whereby a phenyl ring associated with one of the
PPh moieties migrates to the opposite BRIviety via the Pdenter. Such a scenario accords with
expectations based on ligand scrambling inrcBilyzed crossoupling reactionsshould a

phosphine phenyl group migrate to the Pd center during the reaction process, followed by
migration of the Rgroup to the phospmitus center to generate a diphenyplosphine, ligand
scrambling can occur in the catalytic cycle. The formation oizbee arises from hydrogen
abstraction during the ligand migration process. When repeating these experiments with the bare
catalyst,1, formation of PP/, N a p k' ,taRdPldss of benzene was again observed (in a
58:29:12 branching ratio), but only at hitdgser poweri(e., there was no fragmentation when

attenuating the IR beam).

The key observations in this IRMPD study are showrigure4.4A andB, which plot the
IRMPD spectra acquired when monitoring the loss of ACN fidmA C Rigufe4.4A) and the
ligand migration product channels foh A C Nigute4.4B). Wheras loss of ACN was observed
following excitation of eacHAACN vi br at i on ali 2000 enrt gion,iproduct i n t h
channels associated with ligand migration could only be aatdgsexciting three vibrational
bands. In other words, excitation of any vibrational band resulted in the absorption and
redistribution of enough energy to access the lothestmodynamic threshold (loss of ACN), but
excitation of very specific vibrationatansitions is required to access the higher energy ligand
migration channels. It is interesting to note that the ligand modes do not all couple to the reactive
channel withthe same efficiency. For example, the phenyl ring vibration at 1499(amalogas

to thenioa mode of benzene) is particularly weak (5egure4.4B).
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Figure4.4 IRMPD spectra of compountlwith (A, B) and without C) the ACN tag.

Measured data arplotted as blue points, and the blackcés are Pt adjacent
averages.A) The IRMPD spectumdfARACN acquired by monitorini
channel, andR) when monitoring the production of (naphthyl)BPand PPk". (C)

The IRMPD spectrum of bare compwlil acquired by monitoring the produatiof

PPh*. (D) The calculated harmonic vibrational spectrum of compolAdA C N .

Solvent fundamental vibrations are indicated with red asterisks, naphthyl group

vibrations are indicated with green circles. CalculdRethtensities are in km mdl
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Table 4.1 Experimentally observed fragmentation assignments for each compound.
The branching ratios correspond to the ion count for that particularalue divided

by the toal fragment ion count. The spectra that produced these branching ratios are
given in the first column.

Compound  Fragment Assionment Branching
(Spectrum)  Mass (amu) £ Ratio
679 1-C¢Hg 0.12
1(4.40) 389 (C,oHg)PPh, 0.59
339 PPh, 0.29
521 2-PPh 0.24
2 (4.5C) 3
339 PPh, 0.76
381 CoH,,)PPh 0.38
3 (4.6D) (CoH,;)PPh;
339 PPh, 0.62
309 Ph)P(Furyl 0.95
4(4.70) (Ph)P(Furyl),
299 PFuryl, 0.05
5(4.8B) 383 AsPh, 1.00

When conducting analogous experiments on the bare catallyggure4.4C), the ligand
migration product channels are agaircessed via excitation of the two most intense features
observed irFigure4.4B. In comparing the experimental spectra and computational results, we find
that the vibrational bands observed in the meelective process are assoethtvith phenyl ring
vibrations of the triphenyl phosphine ligands. These bard easily resolved and distinguished
from the vibrations of the naphthyl organic residue (highlighted with green dbigure4.4A).

This directly paallels the obsrvations of Shafferet al, who found that nowovalent
triflate/bispyridinium complexes generated triflic acid via selective excitation of SO stretching
modes'3* Here, we find that selective excitation of the PPRhenyl ring vibrations in the
Pd-catalysts leads to ligand migration and the formation of new covaierdar@@ GH bondsNote

that theligand migration pathway is not accessed when exciting relatively intense absorptions
associated with the ACN tag ordroup. This suggests that excitation of the phenyl moieties
results in localized overheating of the triphenylphosphirantig due to immmplete IVR, allowing

the complex to access higher energy ligand migration thresholds rather than the lowest energy
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ACN loss channel. It is also worth noting that A@dgging enhances fragmentation efficiency by

a factor of fifty. This couldbe related tohe very slight change in molecular geometry upon solvent
binding; calculations show that thé 4 P angle opens from 171.9° to 177.6°. While this
geometry change has a negligible effect on vibrational frequencies, it could affect vilbrationa

wavefunctionoverlap, which would in turn influence the IVR process.

Similar modeselective ligand scrambling is observed for compouBds3, and 4.
Compound® and3 show the same ligand scrambling products as compb{{R)PdPPK" and
PPh" where R = Ci2Hg and R = CgH11) and appear by using radiation of the same wavenumber
as compound. Figure4.5C shows the ligand scrambling products,:pt@)PdPPH" and PPh'
appear when irradiating compouBdvith ~1090 cn®! and~1440 en®!. Figure4.6D shows the
ligand scrambling products, [§811)PdPPB]* and PPh" appear when irradiating compouBélso
with ~1090 cnt! and~1440 cn®l. Compound4 once again shows analogous ligand scrargblin
products PhPdPfuryl and Pfuryl* however these ions appear-d000 cn%?, ~1130 cn®?!, and
~1210 cn®! showing the frequency dependence of this process on the identity of ligand X in the

PXs groups, se€&igure4.7C.
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Figure4.5 IRMPD spectra of compour2l Measured data are plotted as blue points,

and the black traces arepBadjacent averagesA) The IRMPD spectrum i2A A C N

acquired by monitoring the ACN loss channel, a) (vhen monitoring the

produdion of PPRh*". (C) The IRMPD spectrum of bare compouBdacquired by

monitoring the production of (biphenyl)PdPPrand PPh". (D) The calculated

harmonic vibrational spectrum of compou®d A C N . Solvent vibrations
with red asterisks. Calcukd IR intensities are in kmol'*.
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Figure4.6 IRMPD spectra of compour®l Measured data are pletl as blue points,
and the black traces arepBadjacent averagesA) The IRMPD spectrum c3A A C N
acquired by monitoring the ACN loss channel, an8)(when monitoring the
production of unassigned minor product channel (<1%; m/z 279) @hdhe
producton of unassigned minor product channel (~1%; m/z 5T%).The IRMPD
spectrum of bare compoun@ acquired by monitoring the production of
(isopropylphenyl)PdPRh and PPhE. (E) The calculated harmonic vibrational
spectrum of compoundA A CN . S o | igne are¢ indicateld with red asterisks.
Calculated IR intensities are in kmmol' %,
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Figure4.7 IRMPD spectra of compoun$l Measured data are plotted as blue points,

and the black traces arepBadjacent averagesA) The IRMPD spectrum odA d b a

acquired by monitoring the dba loss channel, &)duvhen monitoringhe production

of PhP(furyl}* and P(furyl)*. (C) The IRMPD spectrum of bare compouhacquired

by monitoring the production of PhP()s" and P(furyl)s". (D) The calculated

harmonic vibrational spectrum of compoul d b a . Solvent wdbrations
with red asterisks. Calculated IR intensities are imkafi .
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Compound®, 3, and4 exhibited similar modeelective behavior td. This suggests that
that the observed moeelective behavior of the Ruatalysts is invariant with respect to the
organt residue. These observations are consistent with 1seldetive localized overheating of
the phosphine ligand due to hindered IVRiagsrom poor coupling with P& vibrational modes.
To test this hypothesis, the triphenylarsine derivative of compdug. compounds) was
studied. By substituting arsenic for phosphorus, one shifts tHe \Hatrational levels to lower
energy. Consagently, this chemical substitution should impact coupling between vibrational
modes, and therefore IVR efficiency in tbatalyst. Indeed, when probing the IRMPD behavior
of compounds, we see no evidence for mesdelectivity; we only observe loss of ACKom
SAACN, and we observe the same | RMPD spectrum

for all product channels dlfie bare catalysh.
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Fragmentation Efficiency

IR Intensity

1000 1200 1400 1600
Wavenumber / cm™

Figure4.8 IRMPD spectra of compoursl Measured data are plotted as blue points,

and the black traces arepBadjacent averagesA) The IRMPD spectrum d5A A C N

acquired by monitorig the ACN loss channelBJ The IRMPD spectrum of bare

compound5 acquired by monoring the production of AsRh (C) The calculated

harmonic vibrational spectrum of compoB@ACN. Sol vent vi brations
with red asterisks. Calculated IR intéies are in knmol'L,
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Figure4.8 shows the IRMPD spectrum for compolBHACN i n panel 5A and
when monitoring for the analogous AgPkeen previously in panel B. The spectrum in panel B
completely reproduced the spectrumpanel A indicanhg that modeselective ligand scrambling

was not observed in compoubd

Figure 4.9 provides an energy level diagram showing the observed IRMPD product
channels for the bare catalystThese results are alsdotdated inTable4.2. For IR excitation at
ca. 1000 cm?, the energy of eight photoissrequired to access the lowest energy product channel
(production of NapHPPh"), nine are required to produce RPtand the energy of fourtedR
photons are required to produce benzene. Here, it is important to dstirnggiween multiple
photon and multiphoton processes. In a multiple photon process, photons are absorbed sequentially
one at a time and photon energy is redistributed via inferalar vibrational energy redistribution
(IVR) prior to the next absorptioevent?¢:184184|n contrast, multiphoton processes are-finear
processes wdrein absorption of N photons occurs simultaneously at thghdtbn level.
Consequentl vy, | RMPD is analogous to a ther mal
photon ata time. It is interesting to note that production of £&id production oftte naphthyl
radical, which are both lower in energy than the benzene product channel, and which require
simple impulsive fragmentation of the #P®Phk or PdNaph bonds, are not adrved. In other
words, excitation of the triphenylphosphine ligands resuoltselective cleavage of afth bond.
This observation also supports the conclusion that the absorbed IR energy is initially localized to
the triphenylphosphine ligand and does moimediately access the dissociative coordinate
associated with the Fi@ or RI-Naph bonds. Analogous energy level diagrams and tabulated data

of the product and reactant free energy differences for comp@in8sare presented irkigure
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4.10, Figure4.11, Figure4.12, andFigure4.13andTable4.3, Table4.4, Table 4.5, andTable4.6,

respectively
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Figure4.9 The relative tandard Gibbs energies of fragmentation product channels for
compoundl. The channels highlighted with color are observed via IRMPD, with
branching ratios as indicated. Calculations were conducted at the B3LYP/Lanl2DZ
level of theory.

100 —
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Table 4.2 Energetic barriers for various ligand migration reactions of compdund
Barriers were calculated using B3LYP/Lanl2DZ. The given branching ratios
correspond to the IRMPD interrogatiof the norsolvent cluster compound.

Parent Cationic Fragment Neutral Fragment ?EJ?n/ﬂ?)\I/) ?E J(?r:sl/) Brgr;ct:ifyng
1IAACN 1 + ACN 1.01 (97.4) 0.48 (46.0) N/A
Y Pd(PPh), + CyoHg 2.16 (208)  1.45 (140) 0
Y (CiHg)Pd(PPh) + PPh 1.58 (152) 1.04 (100) 0
L Y (CiHg)PPh + PdPPh 1.39 (134) 0.95(91.7) 0.59
Y PPh + (CyHo)Pd(PPB)  1.64(158) 1.15(111)  0.29
Y  (CiHoPd(PPR)(PPh)  + CeHs 3.03(292) 2.40 (232) 0
Y  (CiHo)Pd(PPR)(PPh)-H  + CeHs 2.42(233) 1.82(176) 0.12
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Figure4.10 The relative standard Gibbs energies of fragmentation product channels
for compound. The channels highlighted with color are observed via IRMPD, with
branching ratios as indicated. Calcudas were conducted at the B3LYP/Lanl2DZ
level of theory.

Table 4.3 Energetic barriers for various ligand migration reactions of comp@und
Barriers were calculated usinB3LYP/Lanl2DZ. The givenbranching ratios
correspond to the IRMPD interrogation of the ssmivent cluster compound.

xeh/eVv &@/eV  Branching

Parent Cationic Fragment Neutral Fragment (kJ/mol) (k3/mol) Ratio
2RACN 2 + ACN 0.98 (94.6) 0.45(43.4) N/A
Y Pd(PPh), + CioHg 2.08 (201) 1.27 (123) 0
Y (C12Hg)Pd(PPH) + PPh 1.66 (160) 1.08 (104)  0.24
5 Y (C1Ho)PPhy + PdPPh 1.60 (154) 1.08 (104) 0
Y PPh + (CiHgPd(PPB)  1.50(145) 0.96 (92.6) 0.76
Y  (CiHoPd(PPR(PPh)  + CeHs 3.03(292) 2.40 (232) 0
Y  (C;oHo)Pd(PPB)(PPh)-H  + CeHs 2.41(233) 1.82 (177) 0
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Figure4.11 The relative standard Gibbs energies of fragmentation product channels
for compound3. The channelkighlighted with color are observed via IRMPD, with
branching ratios as indicated. Calculations were conducted at the B3LYP/Lanl2DZ
level of theory.

Table 4.4 Energetic barriers forarious ligand migration reactions of compouhd
Barriers were calculated using B3LYP/Lanl2DZ. The given branching ratios
correspond to the IRMPD interrogation of the fsmivent cluster compound.

Parent Cationic Fragment Neutral Fragment ?EJ?n/ﬂ?)\I/) ?E J(?r;?)\lg Br;r;(;ir:)mg
BAACN 3 + ACN 0.98 (94.6) 0.55(53.0) N/A
Y Pd(PPh), + CoHyy 2.05(198) 1.26 (122) 0
Y (CoH1)Pd(PPh) + PPh 2.04 (197) 1.47 (142) 0
3 Y (CqH11)PPhy + PdPPh 1.38 (133) 0.89(85.9) 0.38
Y PPh + (CgH)Pd(PPB)  1.61(155) 1.06 (102)  0.62
Y  (CHipPd(PPB)(PPh)  + CeHs 3.00 (289) 2.40 (231) 0
Y (CeHi)Pd(PPB)(PPh)-H + CesHe 2.38(230) 1.81(175) 0
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Figure4.12 The relative standard Gibbs energies of fragmentation product channels
for compound. The channels highlighted with color are observed via IRMPD, with
branching ratios as indicated. Calculations were conducted at the B3LWHNZA

level of theory.

Table 4.5 Energetic barriers for various ligand migration reactions of compdund
Barriers were calculated using B3LYP/Lanl2DZ. The given branching ratios
correspond to the IRMPD int@gation of the notsolvert cluster compound.

xel/eVv &@/eV  Branching

Parent Cationic Fragment Neutral Fragment (ka/mol) (kd/mol) Ratio
4ADBA 4 + DBA 1.06 (102) 0.43 (41.5) N/A
Y Pd(Pfuryk), + CeHs 2.30 (222) 1.06 (102) 0
Y (CgHs)Pd(Pfuryk) + Pfuryl, 2.06 (199) 1.54 (149) 0
4 Y (CgHs)Pfuryl, + PdPfury} 1.52 (147) 0.99 (95.5) 0.95
Y Pfuryl, + (CeHs)Pd(Pfuryb) 2.00 (193) 1.45 (140) 0.05
Y  (CgHs)Pd(Pfuryk)(Pfuryl,) + C,H50 3.10 (299) 2.53(244) 0
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Figure4.13 The relative standard Gibbs energies of fragmentation product channels
for compoundb. The channels highlighted with color are observed via IRM®D,
branching ratios amdicated. Calculations were conducted at the B3LYP/Lanl2DZ
level of theory.

Table 4.6 Energetic barriers for various ligand migration reactions of compéund
Barriers were calculated using B3LYP/Lanl2DZ. Tigg&ven branching ratios
correspond to the IRMPD interrogation of the fsmivent cluster compound.

xel/eVv &@/eV  Branching

Parent Cationic Fragment Neutral Fragment (ka/mol) (ka/mol) Ratio
SAACN 5 + ACN 1.10 (106) 0.55 (53.1) N/A
Y Pd(AsPh), + CeHs 2.37 (229) 1.81 (175) 0
Y (C¢Hs)Pd(AsPh) + AsPh 1.45(140) 0.93(89.7) 0
5 Y AsPh, + PdAsPh 1.34 (129) 0.89(85.9) 1
Y AsPh, + (CgHs)Pd(AsPh) 1.54 (149) 1.05(101) 0
Y  (C¢Hs)Pd(AsPh)(AsPhy)  + CeHs 2.97 (287) 2.38(230) 0

Some insight into the hinderedR interpretation of the observed mesielective behavior
is provided by our quantum chemical calculatidfAigiure 4.14 shows the harmonic vibrational
spectra of compawdsl and5. SeeFigure4.15, Figure4.16, andFigure4.17 for compound2, 3,

and 4, respectivelyWhile theseapproximate the actual vibrational structure of the respective
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Pd-catalysts, the fact that the computed spectra agree so well with thwenbge&CNtagged
spectra suggests that the vibrational normal modes are relatively harmonic. The vibrational
transitons associated with relatively large amplitudelPdotion are indicated with dashed blue
lines inFigure4.14. As expected, these vibrations are lower in energy in comp@m(X&Phs) than

in compoundl (PPh). The PPh phenyl ring vibrational bands that exhibit modelective
behavior are highlighteth green inFigure 4.14; the position of these bands remains largely
unaffected when arsenic is substituted for phosphorus. The IVR lifetimes of room temgperatu
aromaic molecules are typically much less than £838° Thus, it is likely that the rate of IVR
within the tiphenylphosphine ligand is less than 1 ns, which is well within the micropulse spacing
of the IRFEL (see Section 2.2.1As shown by highresolution experiments on CH stretching
modes of hydrocarbon molecufés®the IVR rate is not directly determined by the density of
states, but rather by the presencdadrway statesvhich efficiently couple the vibrational mode

of interest to the lih stateof the moleculé? this defines the statistical limit and irreversibility

of vibrational energy redistributioff. Thus, to explain the observed rergodic behavior of
compoundl, we nust condiler the doorway states which can potentially couple with the phenyl
ring vibrations and thus provide a pathway for IVR throughout the catély$te most likely
doorway states are combination levels composed of the large amplitidm&des (highlighted

in blue) and the lower energy ligand vibrations in the i70@00 cm?! region. These combination
levels lie within the 900 2000 cm? region that was probed with IRMPD and are plotted as red
dashed lines irFigure 4.14. Note that the combination energy level structure is significantly
different fa the arsenic derivative compared to the phosphorus derivative. Since these combination
levels involve motion othe ligand phenyl (or furyl) rings, it is possible that they might exhibit

non-zero coupling with the v = 1 levels in the 90000 cm* region due to system anharmonicity.
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Consequently, the combined ligand andlRdbration provides an IVR pathway thrglithe metal

center. However, given the excellent match between the measured IRMPD spectrum and the
calculated harmonic spectrum, one mightestghat anharmonic wavefunction overlap between

the v = 1 levels and the combination levels is poor. Moredvedénsity of the potential doorway
states in the 90D 2000 cm? region is lowi there are significant energy gaps between adjacent
combination levels (seEigure 4.14). This has important bearing on IVR efficiency since the
coupling between vibrational levels is dependent on wavefunctioiapvand on the energy
difference between the interacting statesnodest shift in doorway state energy, as would be

expected fobbwing substitution of As for P, would dramatically impact IVR efficiency.

IR multiphoton electronic excitation, which couldlso result in the apparent mede
selective behavior, is unlikely to occur in these complexes. In the bafed®ibn, the lowest
energy electronic excitation is a sgiorbidden *F7, i 2Dsp transition at 27,097.084 &
(324kJI mol'1).1° The lowest energy allowed transition from the ground electronic stateosPd
the 2F72 1 ?Ds2 transition at 32,280.538 ¢M(386 kJmol 1).1% To reach these electronic states
with IR excitation of 1000 chi requiresca. 30 photons, approximately twice the energy
requirement to reach the highest observed fragmentation threshold. Note that these two lowest
energy electronic transitions have been observed iAVid\spectra of similar Pd coordination

complexeg®1%which exhibitweak bands near 400 nm and strong absorptions near 350 nm.
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Figure 4.14 The calculated harmonic vibrational spectra of (left) compalachd
(right) compound. The modeselective PPhiphenyl ring vibratios are highlighted
in green. Blue dashed lines indicate tbeation of large amplitude Pld vibrations.
Red dashed lines indicate the location of ligand/Rdmbination levels.
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Figure4.15 The calculated &rmonic vibrational spectra of compoudThe mode
selectve PPR phenyl ring vibrations are highlighted in green. Blue dashed lines
indicate the location of large amplitude-Bdibrations. Red dashed lines indicate the
location of ligand/Pd. combination levels.
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Figure4.16 The calculated harmonic vibrational spectra of compdirithe mode
selective PPh3 phenyl ring vibrations are highlighted in green. Blue dashed lines
indicate the location of large afitpde PdL vibrations. Red dashed lines indicate the
locaton of ligand/PdL combination levels.
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Figure4.17 The calculated harmonic vibrational spectra of compaurithe mode
selective P(furyB furyl ring vibrations are highlighted in green. Blue dashed lines
indicate the location of large amplitude-Pdibrations. Red dashed lines indicate the
location of ligand/Pe. combination levels.

95



@
Php——Pd——PPh, <~=—= PhsP——Pd——PPh,

Catalyst Intermediate
R
| o
Ph3PCPd—PPh2
=——=  PPh," +R-Pd-PPh, (1)
Intermediate
R
| o
PhsP——Pd——PPh,
RPPh;" + Pd-PPh, )
Intermediate
R
| o +
PhsP——Pd——PPh, R-Pd(PPh;-H)PPh;™ + Benzene 3)

H abstraction

Intermediate

Figure4.18 Prgposed mechanisms for decomposition pathways.
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Figure4.19 Results of frequency calculations of the optimized structure of Pe}dPPh
using A) Lanl2DZ and B) def2TZVPPD (Pd), 6311++G(d,p) (C, H, P).
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4.5 Conclusions

To conclude, while the focus of this study is ond@dtaining catalysts, it seems likely thlaese
species are archetypal of organometallic systems, since similar IVR bottlenecks are likely to occur
at other heawnetal centers. For example, theagtized vibrational structure of analogous Bh
Ptcontaining complexes should not be too diskimio the Pecomplexes discussed here. Thus,

it is an interesting open question as to how IVR influences energy disposal within, and chemical
reactivity of this class of compounds. Finally, it is worth underscoring that these are gas phase
observations rad that the solution phase IVR behavior of these catalysts may be modified by
vibrational shifts due to interactions between solvent and solute molecus=o\Mr, vibrational
excitation can potentially be damped within a few picoseconds by couplingheitolvent bath
modes. How this affects the vibrational mestdective behavior of these catalysts, and therefore

the efficacy of employing IR excitation tontrol solution phase reactions, is currently unknown.
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5 Clusters of Bi2X12° (X =H, F, Cl)

5.1 Introd uction

5.1.1The All-halogenated or  Althydrogenated Icosahedral

Dodecaborate Dianion

Small bororcontaining clusters have received an increasing amount ofiatteawing to the
promise of new borebased nanomaterials. Anionic elemental boron clusters, fon@gaare
known to be planar up to approximatekpsBuggesting that cluster deposition may provide a route
to extended atomically thin boron sheets.( borophene}??2°2 The transition to three
dimensional anionic structures ajoBesults in borospherene, the recently (and as of yet only)
observed atboron analogue of Buckminster Fullereng.€32% |t is hoped that these advances
will unlock a new facet of boron chemistry, azoaed withcarbon chemistry through the 1990s

and 2000

The structural evolution from 2D to qugdanar to 3D boron cluster geometries can be
influenced by addition of hydrogen, fluorine, or heavier halfd®$8* For example, the quasi
planar B> cluster is significantly lower in energyran the iceahedral isomer, however, the
icosahedral BHi12? Pcluster is the most stable known polyhedral bofah&?In recent years, a
great deal of progress has been made in studying a variety of small boron clusters, especially those
which incorporate hydrogen or halogen atgm3?:41.19.198201,206.21121822 Eor example, the
polyhedral dodecaborate iondpsoBi2X12? (with X being a variety of different substituents),
have been found to exhibit outstanding structural and electronic stability, and have consequently
found use in @ariety of fundamental and applied research fields, including neutron capture cancer
therapy, energy storage, safganization processes, and as weakly coordinating anions for the
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stabilization of highly reactive cations used in synthesis and cat&l§$1822823° However,

despite the variety and importance of these applications, a detailed understanding of the interaction
of these ions with other maleles and counterions is still lacking. Further insight is required to
allow the rationbselection of a specificlosaborate species for a target property and application
(e.g, solubility, reactive ion delivery). To obtain a fundamental understanditigeahteraction

of dodecaborates with certain molecules or ions, we are investigagieg interactions in the gas
phase, where they can be studied without the perturbing influence of other molecules. For this
purpose, we have investigated the gas plivaseaction of differenttlosododecaborates with

metal cation$3®*! large organic host molecules like cyclodextrite,strong dipoleé,

tetraalkylammonium ion€! and protong3!

B12X12? [X = H, F, Cl] dianions have quadruptiegenerate cageentered HOMOs afy,
symmetry. The HOMO is mainly localized on the boron cage and segdrate complexing
counterions by the intervening hydrogen/halogen atoms (note that halogen lone pain electro
density increasingly contributes to the HOMO with increasing halogen’$iZeh e e chage is
always spherically delocalized, so that the Coulontéraction of a cation with the unpolarized
anion may be approximated by the center of the sphere, resulting in a relatively large distance over
which charge separatiorceurs €a. 3i 4 A).36*! The electrostatic interaction between the boron
cage and coordinating cations is therefore relatively weak in comparison with common dianionic
species like S@& or HPQ? . For this reaon, B-Hi2? and its halogenated derivatives are often

referred to as fAweakly co¥®¥*#i natingodo or fAsupe

5.1.2Transition Metal Clusters
Owing to the quasspherical shape, large size, and high rotational mobility:6fif>  metat
B1oH12 salts have been found to exhibit superionicity, angBiN#i1> has recently been proposed
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as a soliestate Na superionic conductor for use in sodhaned batterie€?® Research focus is

now also being directed towards the fluorinated analogu¥BMFi2)m, since the strongiB-

bonds arexpectedtob& er y weakl y basic wi t"roridgirgbeegétt t o f
As such, the fluorine atoms act to separate the metal centre agdsyrametry HOMO of the

boron cage’®? thereby preventing chargeansfer. Consequently, the reactivity of metal ions in
M"™(B12F12)m salts might approach that of the correspondingpise M* cation, thus creating

new opportunities for delery of highlyreactive catalysts in solution or supported catalysts in,

e.g, microporous zeolite¥*

While a good deal is known about the structures and properties of polytidorides,
bromides, and iodideg? the literature concerning experimental investigation of polyboron
fluoride clusters is relatively spar&&:21924For the most part, stetural charactrization of small
boron halide clusters has been achieved bypbase electron diffraction or-May crystallography
of low-temperature Brm crystals?11:213214.22422fhe stryctures that have been characterized to
date typically have a high degree of fluorination and consist of a tightly bound central polyboron
unit with B groups or atomic fluorine bound totbee nt r a | boron clusterds
have been some reports of elemental boron clusters complexed with metal®4t3#& we are
not aware of any publications that inwvkhnwstigat
(where M is a metal ion/atontiere, we describe a combined computaiand experiment study

of gasphase ionic clusters of transition metals (TMs) and the superweBie®Eanions.

5.1.3Triethylammonium Clusters

Here, we study the complexes formed between theX:& [X = F, CI] dianims and
triethylammonium (ENH™) to increase our knowledge of the role of protic hydrogens in the
interaction with halogenated dodecaborates. These results deepen and complement the insights of
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a 2015 study that examines the collisinduced dissociatiofCID) of [(CHs)sN H AX17]

[X =F, Cl,Br, 1].23 It was found for these species that the major products of dissociatiow

col lision e m&r]gX=FClwe lpeoticlatiohsthat acted as Bronsted acids in
the gas phase. The formation of hydronium was demonstrated following complexation of the
protonated anions with trace water vapor in the ion trps@ protic anions could also be obtdine

by fragmentation oN-tetraalkylammonium complexed with#&12*> [X = F, Cl, Br, and 1??*In

this case, fragmentation was shown to result in the loss of neutral trialkylammonia and the
production of the alkylatedlosododecaborat@nion. CID of the nascent {BX12 + CoHan+1]'

(X =Cl, Br, 1) species yielded the protic anions by alkene loss. Interestinghfa$B- CroHan+1]'
exhibited different chemistry, yielding 1812 via charge transfer and:#11 via fluoride
abstractiorf?* While the structure of B3N H A&X15 [X =F, Cl], which produces th protic
anions in a proton transfer process, has been studied previously computationally, direct
experimental evidence for this structure is still lacking. To address this, we employ IRMPD to
determine the geortric structures of the isolated clusters am@robe fragmentation as a function

of laser wavelength and power. Experimental outcomes are interpreted with the &I of

calculations.

5.1.4All -cis Hexafluorocyclohexane Clusters

First synthesized by Keddiet al. and more recently by Wiesenfeldt al, all-cis 1,2,3,4,5,6
hexafluorocyclohexane, hereafterpossesses the largest reported dipole (6.2 D) of any aliphatic
compouncP?*” This high polarity leads to considerable dispersive and electrostatic interactions
betweenl and ions, both anionic and catioRi?*®Figure5.1 presents a DFT optimization of the
chair conformation fot. A recent publication of [BF12]?® regarded clustering withwhere DFT

and IRMPD was employed to studwfB12F12%° (n = 1-4).” This study revealed the presence of a
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solvation shell completing at= 3 in a trigonal plarrageometry around [BF12]%°. Unexpectedly,
it was also revealed that the chaiipole interaction bind$ to BioF12?° as strongly as it does to
CI® despite the fact that 181> is viewed as a superweak anion, and an unustaf G-B

hydrogen bond waacilitated®

Figure 5.1 Chair conformation ofl, All-cis 1,2,3,4,5@exafluorocyclohexane.
Optimized using DFT at B3LYP/811++G(d,p).

Moving forward with the study of [BX12]?® complexes, we exploit this opportunity to
investigate the intriguing and exotic dihydrogen bonding likely to exist whei{B?® clusters
with the partial positive face df. An account by Crabtreet al. investigated literature and the
Cambridge Cryst | ogr aphi c Database (CSD) for charact
dihydrogen bond?° They rationalized a high melting point o&BNHj5 relative to isoelectnic
ethane as evidence for strongHA A-Al Hihydrogen bonding in #BNHs. A search of the CSD
for short intermolecular B1A A-Al Histances revealed 26 such interactions in the range of 1.7
2.2 A, which is shorter than twice the van der Waals radiusydfdgen (2.43) suggesting an
attractive interaction between the H atoms. In addition to HH bond lengths they also found that
the BHAAA(HN) angles in those 26 int<eleOhorikecul ar
standard hydrogen bonds whicle &ypically linear. Finally, they conducted DFT optimization of
the HsBNH3 dimer. The geometry closely reproduced the crystallographic geometric parameters
and provided an estimate of the interaction energy for-tdABA-Al Hiihydrogen bond of

25.5kJ molP1,
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We havetaken advantage of our expertise in joint IRMPD and DFT studies to determine
cluster geometry and predict binding energies, ionization energies, bond/cage critical points,
donor/acceptor relationships among molecular orbitals, and many otlsicgbhproperties.
Vibrational IRMPD spectra have been collected by use of the CLIO facility in France.
Additionally, a new collaboration has been established with researchers at the Pacific Northwest
National Labs (PNNL) in Richland, WA, USA who have poay investigated halogenated
dodecaboron clustef$’??2231 The researchers at PNNL have produced and recorded
photoelectron spectra af§iB12X121%° (X = H, F; n = 1-5) which will allow for evaluation of the
electronic structure and assessment of our employed DFT method factipgedrertical

detachment energies.

5.2 Experimental Methods

5.2.1Preparation of Transition Metal B12F12?° Clusters

Clusters of TMs and the 1812* Pdianion were produced via electrospray ionization (ESI) of
acetonitrile solutions containing the associated TM(¥@v-F1, salt. See referenc&’ for a

detailed description of the synthetic procedure for making some of these salts. Briefly, a 0.5 mmol
solution of commercially available 2B12F12 in acetonitrile was quickly added to 1.0 mmol of
anhydrous AgN®in acetonitrile and stirred for 20 minutes. The resulting white Kpl@cipitate

was removed and the filtrate was evaporated under vacuum to Yigl@Hs@N)4B12F12, which

was dissolvedn diy dichloromethane and the insoluble residue filtered. The filtrate was then
evaporated to give a white solid. This silver salt precursor was then used in ion exchange reactions
with the TM chloride salts of Co(ll), Ni(ll), Cu(l), Cu(ll), Zn(Il), Rh(LI Pd(Il), Ag(l), Cd(ll),

Ir(111), Pt(I), Au(l), Au(lll), and Hg(ll) in acetonitrile, water, or a mixture of acetonitrile and

water. Following removal of the AgCI precipitate, the filtrate was evaporated under vacuum to
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yield the associated TM(GEN)nB12F120r TM(H20)nB12F12 salt. The TM(solv)B12F12salts were
all isolated as solids with the exception of the Au(l)§éCN).B12F12 salt, which yielded a viscous
yellow liquid. Since ESI of the 5d TM salts yielded onlFB fragmentsi(e., metatcage clusters

could not be isolated), they will not be discussed further.

5.2.2Preparation of Triethylammonium B12X12?® (X = F, CI) Clusters
[(CH2CHs)sN H AgX17 (X =F, CI) clusters were produced via electrospray ionizatimadf00
mM solutions of triethylammonium chimle (Sigma Aldrich; Oakville, ON) and 2RB12X1>

(X =F,Cl) in a 50:50 methanol/water mixture. The cluster saiBi¥1> (X =F, Cl) were

prepared according to literature procedifés.

5.2.3Preparation of all-cis Hexafluorocyclohexane B:H12?® Clusters
Cluster of LA BH12?®> n=17 5 were introduced into the gas phase by electrospray ionization of
a solution containing a 1:1 mixture band KzB12H12 (Sigma Aldrich; Oakville, ONgach with a
concentrationof 106 g/ mL i n a s ethana/water. 8dmplés @iveteGupptied by

t he O6Hagan group at the University of St. An

5.2.4Instrumentation

IRMPD experiments were performedthe CLIO FEL facility. All experiments vere run with
solutions ofca. 100 mmol were injected into vacum at a rate of 1061/hour via an ESI source
operating in negative ion mode. The resulting gas phase clusters were transferred to a Bruker
Esquire 3000+ ion trap mass spectrometer where they wassselected, trapped, and irradiated

with the tunable imfred output of the FEL.

Photoelectron spectroscopy was conducted by researchers at the Pacific Northwest
National Labs (PNNL) in Richland, WA, USA. The instrumentation has been describegiin de
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elsewheré?! Briefly, solution is introduced tthe gas phase by electrospray ionization, a species

is selectd by a quadrupole mass selector, the ions are accumulated and cooled in a Paul type ion
trap which is cryogenically controlled (101350 K), cooled ions travel down a 2 m tkogflight

(TOF) mass spectrometer, then ions are interrogated with a detaichasen and the ejected
electrons are collected using a magnetic bottle and analyzed by a 5.2 m TOF electron tube. The
TOFs of the photoelectrons are used to construct a kinetic energy spbgtaamparison with

the TOFs of ejected electrons from knowltilrants. Finally, the binding energy of the electrons

is deduced by subtraction of the electron kinetic energy from the photon energy of the detachment

laser.

5.3 Computational Methods

To supporthe experimental worlDFT calculations were conducted using tBaussian 09 suite

for computational chemistrd?. Owing to the icosahedral symmetry of the2®.? ® cages,
relatively few geometric isomers exist, so cluster isomers can be generated manually with
confidence. For 1£ERxlostetcanhave theecopBen datiol Idcétddl at an apex
site f.e, 180° BFAAACuU bond angl etiotwerFr atenb)y @ a facial ste ( a d j
(adjacent to three F atoms). The same three possible isomers of the charge carrying proton in
triethylamnonium clusters were used as input geometries with all three converging on the proton
adjacent to a facial sitesahe global minimum. For completeness structures with the charge
carrying proton was pointing away from the dianion cage and with one oftiylebeanches is
adjacent to the cage were sampled and found to be lie within6IbkJ madb! of the global
minimum. Electronic structure calculations were undertaken at the B3LYIR/A+G(d.p) level

of theory for 3d TMs, triethylammonium, atés this m#éhod has been demonstrated to be reliable

for boron cluster calculatiorf$?213:242.243\ote, however, that several other DFT methods have
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been shown to yieldefiable results in computational studies of other baramtaining
systemg?72%Sjnce the 811++G(d,p) basis set is navailable for atoms that are larger than Kr,

the Def2TZVPPD/ECR28 basis set and effeati core potential were used for the 4d T¥f*
Owing to the fact that clusters containing 5d TMs could not be isolated and studied via IRMPD
(vide suprd, these species were not studied computationally. SineX{8° ®(X = H, F, Cl) are
closa shell species, cluster multiplicities were set to those of the freeagemmoiety ground
state. Empirical dispersion corrections were applied to energy cabeidadf triethylammonium

and 1 with the intent of focusing the investigation on the weak-cavalent intermolecular

interactions.

To improve numerical integration and ensure convergence of the calculations, an
integration grid with 225 radial shells an84Gangular points per shell was employed. This resulted
in 219,150 integration grid pointsr each atom?® Following geometry optimization, normal mode
analyses were completed to ensure that ehgster structure was a local minimum on the potential
energy surface. This also served to calculate the harmonic vibrational frequencies of each cluster.
Naturalbonding orbital (NBO) analysis was then conducted for the ground state of each cluster to
calculate the natural partial charge of the metal ion and the interaction energies between the various
moieties and BX12? Pcages? Quantum theory of atoms in molecules (QTAIM) analyses were
also undertaken to investigate intermoleculsariactions3310n the basis of previous wofK;3¢:4

we expect that this computational approach is valid for the coepleudied here.
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5.4 Transition Metal B 1oF12% Clusters

5.4.1Results and Discussion

|l nt er e st idmgnlclustersTwiibhai =Rl or 2, could only be isolated for the 3d TMs (Co,

Ni, Cu(l), Cu(ll), Zn), Ag and Cd. ESI of the Rh, Pd, and 5d TM salts yielded no evidence of
T MA LFB)m cluster formationnor production of any other metbntaining cluster or the bare

TM cation. This suggests that the Rh, Pd, and 5d TM cations are neutralized during the ESI
process. More interesting still, ESI of the Rh, Pd, and 5d TM solutions prodwaade of BFm®

clusters fromn = 107 24 andm = 107 24, where in generah(b m) = 0, +1. The same Bn°
fragments were also produced from the TM = Co, Ni, and Cd solutions, but not from solutions of
TM = Cu, Ag, or Zn salts. These observations sugtped, with the gception of TM = Cu, Ag,

and Zn, the ESI process drives changamsfer from the BFi12? Pcage to the metal counterion,
thereby destabilizing the boron cage and leading to fragmentation/reaction. Here, we will focus on
the single cage [TM BF1®(TM=Cu( | ), Ag (1)) anaFPoTME@O(x age [ T

Ni(Il), Zn(Il), Cd(l1)) clusters.

Single Cage ClusterBoron occurs naturally in a 4:1 ratio 8 and!°B, respectively,
which produces an isotopic distribution for boron cagesters that facilates unambiguous
identification by mass spectrometry. With the exception of cobalt, which exists naturziGoas
in 100% abundance, vajd°hndt h EMHYY 8usteradxHibi at feaBtM A B
two appreciably abundamaturally occuir ng i sot opol ogues. iFglf the

species, for example, TM%Cu,%Cu, 1°’Ag or 1%°Ag.

Figure 52 s hows t he | RMPD spectr why inetheor ded

1000- 1450cmP region when gating on the mass chelnassociated with production of 812°.
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The intense band ata. 1225 cnilis associated with excitation of the triply degeneraie T
vibrational normal mode of the:B-1> cage. Owing to the fact that the Cu(l) cation occupies a
facial site on the BF12icosahedron (sdeigure5.3), the degeneracy of thagsimode is lifted and

the band is split into a component associated with vibration along thé BuH). axis and a
doubly degenerate component associated wittaxiff cage \bration. This ismost easily seen
experimentally in the m/z = 360 amu mass channel, which corresponds to produti®ia' e,

by IRMPD of [°C u (YB)'%12]® and P°C u ('1B)'%17®. The apparent broadening of the
lower wavenumberc@. 1207 cn® ) component is due to the vibrational isotope effect associated
with the Cu(l) BioF12 axial motion of the two Cu(l) isotopologues. In comparing with the
calculated Brmonic vibrational spectrum shownkigure5.2F, we see a wavenumber shift that
corresponds to a scaling factor of 0.9798, which is in good general agreement with commonly used
scaling factors found in the literatu#®.Since the application of a scalingsfar was not needed

for spectal assignment, we report unscaled computed frequencies here.
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12007 1250cmP ! region owing to the fact that each isotopologue has sevesaiciated

m/z = 359amu product, which corresponds to productiof’B'B11*%F12, could have th&B atom
located at one of four different symmetry sites of therobh cage

[ Cu BB AP cluster. As a result, the spectrum acquiredenrn/z = 359 amu channel is

110

s pect r 1Fm® asbbs¢rnedin( theMB/z = 356 amu,

(B) m/z = 357 amu, (C) m/z = 358 amu, (D) m/z = 359 amu, Bhdn{z = 360 amu

mass channels corresponding to production of the five most abundant isotopologues
of B2t (F) Calculated harmonic vibrational spectn
Calculations were conducted at the B3LYBMBL++G(d,p) level of theory.

Product channels of m/z = 359 amu and lighter exhibit an intense broad peak in the

EeAP( 1) AB

in the parent



composed of eight i s otigpT eaehrof whichvexhibitsaansligstly o f [
different vibrational spectrum owing to the vibrational isotope effect. In comptrengpectra
recorded for the m/z = 356 360 amuproduct channels, which correspond to formation of

1B 1B12m!%F12 (M = 4 0), the expected trend for the vibrational isotope effect is apparent.

Top View Side View

Figure5.3The geometry opt i mizEigdshowrt(lefyatongthee of [ Cu
Cu(l)i B12F12 axis and (right) perpendicular to the CuB)2F12 axis. Also shown in

the quadruply degenerate HOMG@alculations were conducted at the B3LYP/6

311++G(d,p) level of theory.

For mal | y 1oF° ITME Cu) AlgRclusers exist as TRA BF122 & Indeed, a major

source of interest in these super Wantekaction®en sy s
should lead to reactive metal ions that behave as pseugihgss species in the solid or smn

phases. It isherefore perhaps surprising that formation ofF#VB12F12> was the only observed
product channel fiod®ahiEMP BB Thid 6fcdquise, illies that
chargetransfer from the BF12* Pcagegy HOMO to the valacesatomic orbitaof the metal cation

occurs during the dissociation process. The observed ehrargeer process can be rationalized

if we draw analogy with the textbook example of NaCl, which exists &AN&l in its ground

electronic state, but vith dissociates tdorm neutral products via its lowest thermodynamic

threshold in the gaghase. This, of course, is due to the imbalance between the electron affinity
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of Cl (3.51 eV) and the ionization energy of Na (5.14 &V¥Given the ionization energies of Cu

(7.73 eV) and Ag (7.58 eV), and the expected electron affinity 8 (1.6 eV), observation of
chargetransf er during LRMPB =G4 Ag)iF M(unrpadoBani?. Here,
however, chargéransfer must occwver a distance afa. 3.5 A and via the intervening fluorine

layer that separates the metal cation and the quadruply degenerate HOMO of the anionic boron

cage (se€igureb.3).

To investigate tb chargdransfer properties of the clusters, NBO calculations were
conducted for the geometrically optimized electronic ground states. Subsequent population
analysis showthatca. 0.1e of charge density is transferred fronpBi2? to the Ag(l) cation in
[ Ag (i4FYAB For the ground edFgRdochage iraosfesab®.teto of [ C
the metal cation is calculated. This supports the chemically intwittve that the metal centers
retain a high partial posite/charge for these ground state clusters. Second order perturbation
theory analysis of the Fock matrix in the NBO basis facilitates calculation of the dominant
interactions associated with the triarsof charge density to the metal catf8ri® These are
summar i zed fdPrandCi @ABYABTAbRS.1. Chargetransfer and incipient
chemical bond formation between Agnd BF:2* Paccounts forca. 411.7 kdnol® worth of
stabili zati on 2Rl erhegdgminam int¢rabtmpr(s laghadigBtransfer from the
boron cage and the F atoms adjacent to the Ag(l) cation, and back donation from Ag(l) to the boron
cage. A minor degree of back donation from Ag(l) to the adjacent F atoms was also calculated.
These four interactions were foundafi o f t h ewF13n\ldsteB studied. In the case of
[ Cu (14FY"A dhargetransfer interactions account for ca. 824mdl® *worth of stabilization
energy. More than half of the interaction energy (487.4&1% ) is provided by chargaansfer

from the MOs associated with thed®age. It should be noted that, sindéetlent basis sets were
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used for the Cu(l) and Ag(l), there will be some small error introduced when drawing comparison
between charge r ansf er pr o pkEid°tanddAg()Ai B2 NeueftHelpsd, Bve are

confident that these calculations captua qualitative view of the specific chargansfer

interactions in these clusters.

Table 5.1 Natural partial charges and interactionrergies calculated for charge

transfer interactions in the ground electri c stateskFiJoand [ Cu(l ) A

[ A g (14F)]A Balculations were conducted at the B3LY:B#E.++G(d,p) level of
theory. A Def2TZVPPD/ECPR28 basis set and effective core potent@hbination

was employed for Ag.

Cluster Metal Partial Interaction Energy
Charge (kJ/mol)
Cage 'Y C487.4
[ Cu(JF) A +04e T Y C:f 243.1
Cage Y Cuw7.7
F Y Cu 37.7
Cage Y AX33
[ Ag (JFyA +09e 7 Y A+g 150.2
Cage Y AIg51
F Y Ag 23.0

Figure5.4 shows the caldated change in standard Gibbs energy for production6i8 ©
andBoF”f ol | owi ng di s s oci aitFi)eclsteosfstudieth Bumeral ialoes s

are tabulateth Table5.2. For the two coinage nedtclusters, the dissociation processes are:

[ TMARBI®Y T'™ BuoFi?P

[ TMARR®Y T BuFib

Where TM = Cu or Ag. In both cases, dissociation via the cHaagsfer threshold (Rxn. 2) is
favoured byca 627.6 kdmol° ! over fomation of TM" + BioF122 £ which is consistent with
experimental observations. The energy difference betweenttirestolds is, of course, equal to

| E( TM) DBFRAB,AvheBe IE(TM) is the ionization energy of the transition metal and
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EA(B12F12? § is the electron affinity of BF122 £ Importantly, the charg@ansfer dissociation

threshold is the lowest thermodynam di ssoci at i onpFi)hdustaash®hed f or
highest calculated chargeansfer dissociation threshold amongst the species stinied is

DG°=160 kdmoP'f or [ GRiP,I Witk lBost of the other cluster species exhibiting
significantly snaller (or negative) values @G° for dissociation. Thus, accessing the charge
transfer dissociation threshold via IRMPDcat 1225 crii! recuires at most 11 photons (usually

many fewer).

Double Cage ClustersT M A {zFB®)n clusters for TM = Co(ll), Ni(l1),Zn(Il), and Cd(Il)
wer e o0bser vi#Fig))?ass wiasTenign@& above, the Rh(Ill) and Pd(ll) analogues,
which were stable in the sdliand solution phases, were not isolable aspbase clusters.
Nevertheless, DFT calculations were conducted f& h ( | 14Fib)JP A (n [ PaF(2H?®) A( B
for comparison with the observed 3d TM analogues. Calculations show that all but one of the
doule cage clusters exhibit a geometric structure wherein the metal atom is sandwiched between
eclipsed trigonal faces of the twa#Bi, cages (seBigure55) . | nt er es tiFpfPy, [ P
adopts a geometry wherein the ceningtal atom is bound between edge sites of the twie,B
cages. This might not be unexpectedegivthe propensity of palladium to form square planar
complexes. This geometry is, however, suggestive of relatively strong chemical interactions in

addition tothe expected electrostatic bonding.
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Figure 54 Cal cul ated @GA for uni mo liE4°ul ar di s
(MM=Cu (1), Ag(! XPJ?&FM = CotMANIB zZn(I1), Rh(I),

Pd(ll), Cd(ll)) to yield (red) B:F12* Pand (blue) B:F+2P. Calculations were conducted

at the B3LYP/6-311++G(d,p) level of theory for 3d metals. The
Def2-TZVPPD/ECR28 basis set and effective core potential was employed for 4d

metals. (1 kcamolP! = 4.184kJ molP?)

Table52Cal cul at ed @a®Adissodatioou n i[ MEEMREM = Cu(l),
Ag (1)) amFd))?PTNACOBI), Ni(ll), Zn(Il), Rh(lI), Pd(ll), Cd(Il)) to
yield B12F12? Pand BioF12°. Calculations were conducted at the B3LY:B#&.++G(d,p)
level of theory for 3d metals. The DefZVPPD/ECR28 bass set and effective core
potential was employed for 4d metals.

Cluster Dissociation Process AG® (kJemol ')
[CO'(Blelﬂz]z_ — Co*BoFp + B12F122_ 389.5
[CO'(Blelz)z]z_ — [Co*BpFpn] +BpFi 43.1
[Ni'(Blelz)z]z_ — Ni*BpFpp + B12P122_ 356.5
[Ni'(Bl;’Fu)z]z_ — [Ni*By;F 5] +ByoFyy 12.1
[Cus(ByoF12)] — Cu + B12P122_ 789.5
[Cus(ByFi)] — Cut+BFyy 160.2
[Zn'(Blelz)z]z_ — Zn*BFpp + B12F122_ 428.0
[ZH'(BllPll)E]z_ — [Zn°ByoF ] + Bk 26.8
[Rhe(ByF12),] — [RheByFyo] + Blelzzi 843.5
[Rhe(B1;F12);] — [Rh*BoF 5] +BioFiy 89.1
[Pd*(B12F12),] T Pd-By,Fy, + BlzPuz_ 289.1
[Pd*(B12F12)2] T [Pd*B1;F1z] +BroFiz -44.4
[Ag*(BiF1)] —Ag + B12P1227 7314
[Ag*(B1oF12)] — Ag+BiFrn 111.7
[Cd'fBlzPlz)z]z_ — Cd*ByoFpy + BioFr™ 351.9
[Cd'(BlzPlﬂz]zi — [Cd*BFo] +BpFy, -31.0
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Figure 55 Opti mi zed struct ur akbip)]?Pf amd (right)e f t ) [ Ni
[ Pd ( ho)]AB(WBere the locajeometry about the TM is hedral and square

planar, respectively. Calculations were conducted at the B3LYPI6+G(d,p) level

of theory for 3d metals. The DeiZZVPPD/ECR28 basis set and effective core

potential was employed for 4d metals.

The IRMPD pectra obtained for the [TA1(12B12)2]2 B(TM = Co(ll), Ni(ll), Zn(ll), Cd(I1))
clusters are shown iRigure5.6. Relatively little variation in the BF1> T1y normal male peak
position is observed as a function of TM substitution. The vibrational band associatetewith t
[ Co ( hoFi)JARclBster is noticeably narrower than the analogous bands for the heavier TMs
owing to the fact that Co(ll) is monoisotopic and tlere has fewer isotopologues contributing
to the spectrum. In principle, the IRMPD spectra for theoua isotopologues can (to some
degree) be deconvoluted by gating on specific parent and daughter mass peaks. However, owing
to the complexity of the isopomer/isotopologue structures and the fact that the isotopically pure
[ Co (YBiP)AAPand [Cq | HB1kuf)-)? P species were only minor components in the

statistical distribution, spectral deconvolution was not possible.

In all cases, DFT calculations predicted weak bands to slightly higher and lower
wavenumber of the intensa4B1, cage T, vibration. The transitin atca. 1300 cni lis associated

with the Bi2F12 cage breathing mode, while the peakatl 115 ci lcorresponds to excitation of
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the BioF1of TMT B1oF12 asymmetric stretch (reminiscent of the £&8ymmetric stretching motion).
The IRMPDspectrum of [Cd(IA{B12F12)2]2 Bwas the only one in which the 1115%tpeak was
observed (se€&igure 5.6D). Of course, the nenbservation of weak vibrational transitions in

IRMPD spetra is not unusudf-4°:178.248.249

A
AL N Co

A

1100 1200 1300 1400
Wavenumber / cm™

Figure 5.6 (black) Experimental andréd) calculated vibrational spectra foAX

[ Co ( haFi)]AY BB) [ Ni ( LF2)]A5( EC) [ Z nuF12)i°); A OB

[ Cd ( hoFi)2]JAY CRlculations were conducted at the B3LYBIE ++G(d,p) level
of theory for 3d metals. The DeiZZVPPD/ECR28 basis set and effective core
potential was employed for 4d metals
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Figure5.4 also shows the binding energies of the double cage clusters for dissociation via:

[ TMARBI?YY T MBFB+ BioFi? P Rxn. 3
[ TMAREBI?YY [ T MAM + BuoFi° Rxn. 4
Where TM =Co(ll), Ni(ll), zn(l),Pd ( 1 1), Cd (1 1) . | n wFEdeclusterse of

the transiton metat ont ai ni ng pr o dAD|tasn da rRehfbRBsElE¢tBIY) A ( B
Wi th the exc e puFi)d twherdDG fissRikioh=189.1 kImblt IBthe douke cage
species exhibiDG® values for dissociation via the chaitggnsfer channel that are all less than
43.9 kdmolP 1 Thus, IRMPD to access the chatgansfer dissociation threshold is expected to be

at most a theephoton process. This, again, is sient with the observation ofiff12> as the

major product channehs was done for the single cage clusters, NBO analysis was conducted for
each o fiFfJf NTAMEBo(l), Ni(ll), Zn(ll), Pd(Il), Cd(I)) and] R h ( |14Fib)]>ATheB
results of hese calculations are summarizedTable 5.3. In all cases, significant interactions
associated with chargeansfer were obserdeboth in terms of electron density donation from the
B1oF12 cages to the metal ion, and back damatirom the metal to the &1, cages. Calculated
natural charges for Co, Ni, Zn, and Cd were all in the range of 416 implying electron density
donation in the range from @4 0.7eto the metal centres for the ground electronic states of these
clusters. Interestingly, in adiin to the dominant BFi®> product channel, IRMPD of mass

sel ect e diFPfP&(€alolddbo(nBat i on)  amAb)? P(cd N7 donation)lcoB
resulted in production of Bn" fragments ranging in size fromsB® up to BisFis®. The
producton of these BFn® fragments can be rationalized in terms of the chénayesfer process

since removal of electron density from the quadruply degenerate highest occupied molecular

orbital of the B2F12? Pcage yields a reactivadical species.
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Table5.3 TM natural partial charges and calculated interaction energies for eharge
transfer interactions in tFR)4°5@EM-o0of)d el ectr o
Ni(ll), zn(Il),Pd( 1 1 ') , and CdRi)sP. Calculationd wefe Rdnductedi at

the B3LYP/6311++G(d,p) level of theory. A Def2ZVPPD/ECR28 basis set and

effective core potential combination was employed for the 4d TMs.

Clust Metal Partial Interaction Energy
- Charge (kJ/mol)

Cage — Co” 435.1

[Co(ly(ByF)>  +14e L Co0 181838

Cage < Co” 950.6

F« Co” 815.9

Cage — Rh™ 604.2

- F > Rh” 1297
[Rh(IIT)*(B 1;F12)2] +08¢ .

Cage < Rh 202.1

F < Rh" 162.8

Cage — Ni*~ 477.8

2 F — Ni* 1929.2
Ni(ID*(B12F12)2]" +13e .

[Ni(IT)*(B12F2)-] Cage N7 orc

F < Ni*" 793.7

Cage — Pd” 747.3

2 F — Pd* 320,

PAMBF>  +0se TP 3201

Cage < Pd” 138.5

F « Pd” 134.7

Cage — Zn” 4293

> F—Zn” 1397.0
Zn(ID)*(B1oF12)2]” +15e .

[Zn(II)*(B12F12):] Cage 207 o

F—Zn" 418.4

Cage — Cd™" 707.5

[CdUy@BLF  +16e T+ ¢4 787

Cage « Cd” 274.1

F « Cd” 120.9

The factthat two such species are in @oproximity in the cobaltand nickelbound
B12F12? Pdimers facilitates reactions associated with the fusion and fragmentation of-Fig B
cages. Indeed, the electrospray process itself genergfadaBic fragments upat B2aF242* when
employing solutias containing the Ni(ll), Rh(Il), and Pd(ll) salts. This, too, can be rationalized
in terms of chargéransfer since clusters of these three metals exhibit the highest degree of charge
density donation from the B> cages In the case of Pdc& 1.2 donated) and Rhaa. 2.2
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donated) so much charge density is donated that the metals are neutralized agé ilvades

undergo reaction during the electrospray process.

5.4.2Conclusions

Si x Ti#An(ciBsters (TM = Co(ll), Nill), Cu(l), Zn(Il), Ag(l), Cd(Il)) have been prepared

by ESI of solutions containing their respective salts. IRMPD spectra show strong absorptions in
the 1200 1250 cn® tregion, which are associated with the triply degenerateifirational mode

of the BioFi12 cage. Excitation of this oue leads predominantly to production offB2°,
indicating that charg&ransfer from the boron cage to the TM plays a major role in the ground
state electronic structure. This conclusion is sugeobyDFT calculations, where in all cases
studied the cargetransfer dissociation threshold was lower than that of simple ionic dissociation.
Thus, the BFi2Pcage may be viewed as a ft$he gegre aft o mo
chargetransfer in, and how chargensfer might influence the physicochemical properties of, the
sol i d st aficompbunds ivhichBould all be isolated) are interesting open op@sti

Our group has recently published results of an aoal®gtudy on BHio-transition metal

clusters®®

When electrosprayed, several bf¢ T MM sBlts generate a broad distribution of
BnFm clusters. Calculations show that production @FBclusters occurs for TM species that
exhibit the highest degrees of chatgensfer. Ths suggests that chargr@ansfer to the metal center
generges highly reactive open shell:81> cages, which subsequently undergo fusion and
fragmentation reactions. The precise mechanism by which these reactions occur is not known.
Nevertheless, this meild might offer a new, efficient production technique fodying isolated

or deposited Fm clusters, with potential applications in nanofabrication of bdrased materials.
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5.5 Triethylammonium B 12X12®* (X = F, CI) Clusters

5.5.1Results and Discussion

Figure 5.7 plots the IRMPD spectrum for total fragmentation efficiency at four FEL power
settings. By comparing the experimental spectra to the calculated IR absorption spectrum for the
lowest energy ismeric cluster structures, we can confidently assign the band at ~ct®5@0

the iy vibrational mode of the BF1> moiety. The spectral width of this feature (~&0 1Y) is

larger than thea. 25 cm? band width normally observed aetiCLIO facility334%17617%s was

the case in analogous & 1-,-containing clusters, we attribute this difference to: (1) lifting of the
Tiu degeneracy and sfting of the associated vibrational band upon complexatanis cm?

for the fluorine derivative), and (2) vibrational isotope shifts due to the presence of mtRipie
isotopologuesda. 50 cm? for the fluorine derivativeJ®#1492°The remainig vibrational bands
observed at 1035 cfy 1160cmP! 1325 cm® 1400 cm?, and 1470 cnt are all associated with

the triethylammonium moiety in the global minimum isomer (B&pire 5.7B). The bands at
1400cmP! and 1470 cnt, which arise from motion of the chargarrying proton and the GH
scissoring / CElumbrella modes of the ethyl groups, are particularly sensitive to the bimdice

of the complex. For example, for the global minimum structure, the NH wag is predicted at
1400cm'?, whereas in isomers 2 and 3, the band wavenumber is at 14¥amin1442 crt,
respectively. Comparison of these band positions with those calculatedthe
B3LYP/6-311++G(d,p) level of theory indicate that théHNbond is oriented towards onetbe
triangular faces of the BF1~ moiety, with the three F atoms and the H atom creating a distorted
tetrahedral cage. This structural motif has also bemmd in the crystal structures of

[(NBusNH)(HCBu1l11)] and [(EtNH)2(B1Cli)) ] A2 N8 @HThe average HAAAF
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distance was 2.25 A (2.78 A) and the distance from the H atom tcetiter of the £ (Cls)
triangular face was 1.35 A (1.68 A). A recent paper by Fedogbwah computationally studied
HN(C2Hs)s" complexed with ten differergtcidic anions of the form RXQX = S, P;n= 3, 4)%2
The preferred binding of HN{Els)s* to the acid occurred via the charge carrying protoarnto
oxygen atom, forming a conventional hydeogbond (NHAAA O) . T h-leondddngihr t e s t
found was 1.428 with the acid HPO; and the longest was 1.589 A with the acici@E0s. At
55.9 kJ mdl* above the global minimum a second binding motif is contputieerein the NH
bond is oriented away fronié BiF12 moiety; the calculated IR spectrum for this geometric
isomer has a significantly poorer agreement with the experimental spesteigure5.8). It is
worth noting that the bands associated with the HNE3" moietyare observed only at relatively
high FEL powers. This is likely due to the relatively low IR absorption esestons of
HN(C2Hs)s" moiety compared to that of thadB1.> moiety (seeFigure5.7B); at low FEL power
(125 mW) there is insufficient IR absorption via the HNKG)3* vibrational transitions to induce
cluster fragmentation. The vibrational bands of the chlorinated derivative exhibérgiower

dependence (seEigureb.9).
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Wavenumber / cm™ Side View

Figure5.7 (A) The IRMPD spectrum of [(C¥Hs)sN H A1 as a function of FEL
power. Note that the band at 1250 &associated with theigF12” moiety is saturated

at powers above 128W. (B) The calculated IR absorption spectrum for the global
minimum geometry of the ionC) The optimized geometry of the roplex. The
ammonium proton is highlighted in green in the front view.
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Figure5.8 Vibrational spectra of BFi.TEA. (A, B) DFT predicted spectra of higher
energy isomer 3 (+55.9 kJ nid) and isomer 2 (+16.4J moP?), respectively(C)
DFT predicted spectrum of the global minimum isongBy). IRMPD Experimental
spectrum; black 1000mW, redi 500mW, greeri 250mW, bluei 125mW. Blue
highlighted bands are assigned to TEA group vibnat rechighlighted band assigned
to asymmetric breathing of the boron atoms.
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Figure5.9 Vibrational spectra of BCl12TEA. (A, B) DFT predicted spectra of higher
energy isomer 3 (+53.4 kJ nid) and isoner 2 (+186 kJ moPl), respectively. ¢)
DFT predicted spectrum of the global minimum isomBy). IRMPD Experimental
spectrum; black 1000mW, redi 500mW, greeri 250mW, bluei 125mW. Blue
highlighted bands are assigned to TEA group vibrations, gidigihtedband assigned
to asymmetric breathing of the boron atoms.
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Figure 5.10A shows the mass spectrum of [(&HHs)sN H AdB15] as observed when
irradiating the trapped ions na@asonantly with 1000 mW at 940 cinBecause the pant cluster
does not absorb at this wavenumber, fragmentation is negligible. In contrast, irradiation at a
wavenumber of 1250 crhresuledin substantibfragmentation of the parent ion. The observed
product ions accord well with those assigned in tHksam induced dissociation (CID) studies
described previousK£! A full assignment of the fragmentation products are givéraine5.4 for
the experiments involving the fluorine analog arable5.5. for the experiments invaivg the

chlorine analog.

At low FEL power (1250 cnt, 125 mW; Figure 5.9A), the major products of IRMPD are
B1oF12 (M/z~358), BioFi1 (M/z~339), and BiFs (m/z~271). As the FEL power is increased,
additional lowm/zfragments become dominant contributors to the observed mass spectjum (
seeFigure5.10C and D highlighted in orange). The formation of these small species is attributed
to fragmentation of Bm (n 012, mO12) moieties. It is possible that the formation of the small
BnFm species proceeds via sequentialginentation of larger fragments following absorption of
multiple photons, or instead by IRMPD of the nascent products from a previous fragmentation
event. We favor the former interpretation based Bigure5.10E, which plots thean signal as a
function of m/zand IRMPD wavenumber as observed at a FEL poweraofl000 mW. The
spectral regions associated with HX({g)s* vibrational trasitions are highlighted in blue and the
B12F1,? vibrational transition is highlighted in redide infra). There are two observations of note
for Figure5.10E. First, t is clear upon inspection that some mass channels exhibit a different IR
wavenumber dependence than otherg,(m/z112 versuan/z 358). The IRMPD spectruras
acquired in them/z 112 andm/z 358 product channels are plotted Fiigure 5.12A and B

respectively. Whereas thm/z112 product channel exhibits a single vibrational band associated
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with the BioF12? cage vibration, then/z358 produ¢ channel exhibits vibrational bands associated
with both the BF12” cage and the HN(Els)s* moiety. Analogous plots for the chlorinated
species (sekigure5.13) usem/z255 (BCls'), 283 (BoCls'), and 555 (B:Cl12°) product channels.
BsCls is produced from BCli2® via loss of multiple BCI/BJ fragments. The appearance of the
HN(CzHs)s* bands in the BCls spectrum indicates that;8ls may be fragmented from
[(CH2CHs)sN H AEl15] to a small extent. BCls' is produced from B,Cl11° via loss of multiple
BCI/BCls fragmentsAbsence of the HN(&1s)s" bands indicates 8Cls' cannot be produced from
[(CH2CHz)sN H ABl17] . To produce BoCls®, [(CH.CHs)sN H AEli] must fragment to
B12.Cli1®, the fragment BCl11® then subsequently absorbs IR photons and fragments@isB
Recently, similar observations for other ionic complexes have been interpreted in the context of
modeselective behaviot>'**Here, lowever, the second notable observation fiigure5.10E
suggeststherwise. When exciting [(Ci€Hs)sN H A 4817 via the HN(GHs)s* bands at 1400 cm
1and 1470 cnt, one observes productsratz358 (BioFi2 ), m/z339 (BioFi1 ), m/z271 (BuFs ),
andm/z 172 (BF. ); excitation of the HN(gHs)s" moiety clearly leads to fragmentation of the
boron cage. In other wosd when deposited in the HN{is)s* moiety, the energy flow to the
B12F12” moiety is apparently sufficient so as to access fragmentation channels associated with loss
of F and BE' (and larger BFn species differing in mass by one BF unit). Similar héravas
observed for the chlorinated@ogue (se€igure5.11andTable5.5). This is notable because CID
was found to yield BCli1' and fragments produced fromBl11',22%??'whereas IRMPD also
produced B.Cliy and smaller specieassociated with fragmentation of the oxidized cage.
Fragmentation pathways are given for loss of BX and 8ot B12X11 and B2X12in Figure5.14

andFigureb5.15for X = F andFigure5.16 andFigure5.17 for X = ClI.
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Figure5.10 (A) The mass spectrum observed for isolated KCHH)sN H AZB17)]

when interrogating with 1000 mW at 940 cknonrresonant); only the parent ion is
observed. The mass spectrum observed when the FEL is resonant withhRhe B
transition at 1250 cmtand the FEL power isB) 125 mW, C) 250 mWw, and D)
500mW. The orage bar inA-D highlights the production of sali mass ions (e.g.,
BeF2") with increasing laser power when resonant with an absorp&nA (2-D
IR/MS plot showing the mass spectrum as a function of FEL wavenumber across the
800- 1600cm *egion when irgrrogating at 1000 mW. Low ion intensities ahown

in green, high intensities in red. The blue highlighted regions indicate vibrational
bands associated with the triethylammonium moiety, and the red highlighted region
indicates the vibrational band(skasiated with the BF1> cage.
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Figure5.11 (A) The mass spectrum observed for isolated KCH$)sN H AZRl17)]

when interrogating with 1000 mW at 930 cknonrresonant); only the parent ion is
observed. The mass spectrum observed whelfrHheis resonant with the 18Cli2
transition at 1033 cmtand the FEL power isB) 125 mW, C) 500 mw, and D)
1000mW. (E) A 2-D IR/MS plot showing the mass spectrum as a function of FEL
wavenumber across the 800600 cm region when interrogating at 1000 mW. Low

ion intensities are shown in green, high intensities in red. The blue highlighted regions
indicate vibrational bais associated with the triethylammonium moiety, and the red
highlighted region indicates the vibi@tal band(s) associated with thexBl12 cage.
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Table 5.4 Peak assignments for {B1,TEA]® mass spectrum vem radiated with
1000mW of 1228 cril. m/z values are given for the most intense peak of the isotop
distribution. Most isotopic distributions do not match one assignment perfectly and
likely consist of multiple species with similar nominal mass. Hydexadd water
clusters likely contributing to peak intensities but are difficult to assign due tiarsim
nominal mass with fluorine and overlapping isotopic distributions due to the presence
of boron. (OH=17 amu, #=18 amu, F=19 amu)

m/z Assignment Parent
460 [BFi ¢9! 8

368 [BroFral 8 [BroFra]
[BroFio] [BioFl ¢ 9

358 .
[BioFigl 40T [BioFudl

338 [By,F] [BFai I €
328 [BriFudl [BioFiol
317 [BygRd 40T  [BioFill
309 [BriFid [BioFu
298 [BioFidl [BioFio]
291 [BraFol [BioFio]
271 [BraFsl [BioFia]
260 [BroFsl [BioFio]
250 [BoFs] [BioFia]
241 [BroF7] [BioFia]
2 2 1 [BIOFG] ’ [Blelz.l ’
[BsF] [BioFia]
211 [BoFs] [BioFia]
204 [BroFs] [BioFra]
101 [BoFs] [BioFio]
[B7Fs] [BioFua
181 [BsFs] [BioFra]
173 [BoFa] [BioFra]
163 [BsF] [BioFiol
153 [BoFs] [BroFia
(BRI [BioFua
144 [BsFal’ [BioFul
135 [BFs] [BioFio]
[BoF). [BioFia]
124 [BsFl [BioFio]
113 (BRI [BioFra]
103 [BsFol [BoFio)
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Table 5.5 Peak assignments for {E11,TEA]® mass spectrum when radiatedth
1000mW of 1032 crivt. m/z values are given for the most intense peak of the isotopic
distribution. Most isotopic distributions do not match one assignment perfectly and
likely consist of multiple species with similar naml mass. Hydroxide and water
dimer clusters likely contributing to peak intensities but are difficult to assign due to
similar nominal mass with chlorine and overlapping isotopic distributions due to the
presence of boron. ((Ok34 amu, (HO).=36 amu, CGk35 amu)

m/z Assignment Parent
658 [BioCls ¢ 19!
555 [B1oCha] [Bi.Chi ¢ ]9
538 [BoChai 4O [B1oCha]
519 [B1oCha] [BiChot T
[Bi.ChdOH JOT  [BiChil JOT
500 [B12CheOH]  [By,Chal JOT
s B BuCh
[Bi,CHOHY"  [B1Chit JOT
s BOd BuCh
[Bi,Ch(OHY]"  [B:Chii JOT
ws  [BCH OT  [BuChI
[Bi.CHOH)] [BoChai 40T
. [BaoCly [BuChl
[BizCK(OH)}]  [BiChy JOT
409 [Bi.CEOH)]"  [B1Chii JOT
401 [B1:ChI’ [B1Chal
200 [BasCH [BuChl
[Bi.Ch(OH)Y]"  [B1Chit JOT
382 [BsCh] [B12Cha]
- [B:Cl [BuChl
[B1oCh(OH)"  [B1Chai JOT
348 [BsCH] [B12Chal
a7 [BCH 0T [BuChf
[B1o(OH) [BoChai 40T
310 [BsCH [B1oChal
301 [BsCHI [B12Cha|
285 [B1oCH [B12Cha]
255 [B,CL [B1Chal
230 [BsCL] [B12Chi]
193 [BsChI' [B1oChal
168 [BsChI [B12Chi]
138 [BsChI [B12Chol
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Figure5.12 The IRMPD spectrum of [(C#CHs)sN H AdB12] as monitored via the
(A) m/z 112 andB) m/z 358 product channels. Triethylammonium (TEA) bands are
highlighted in blue and theiB12,” band is highlighted ined. The FEL power was set
to 1000 mW.
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Figure5.13 The IRMPD spectrum of [(CK¥Hs)sN H AS&l15] as monitored via the
(A) m/z 255, B) m/z 283, and@) m/z 554 product channels. Triethylammonium
(TEA) bandsare highlighted in blue and the4:2* band is highlighted in red. The
FEL power was set th000 mW.
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Figure 5.14 Fragmentation pathways ofif11 by loss of BF and/or Bf Species
highlighted ingreen were observed while those highlighted in red were not observed.

Figure 5.15 Fragmentation pathways ofi#12 by loss of BF and/or Bf Species
highlighted in green were observed while those highldjineed were not observed.
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