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Abstract

Gas phase metal-containing complexes provide suitable systems in which to
study fundamental binding motifs between a metal ion and molecules in
the absence of any solvent, support or competing charge effects. In this
thesis, metal-containing species are explored experimentally using infrared-
resonance enhanced photodissociation (IR-REPD) spectroscopy and velocity
map imaging (VMI). The experimental results are further interpreted with
the aid of spectral simulations based on density functional theory (DFT).
These are the first studies reported using a newly built IR-REPD spectrome-
ter equipped with a purpose-built laser ablation source to allow for the study
of single metal ion—molecule complexes. The laser ablation source is shown to
efficiently produce various complexes including Rh*(CO,),,, VO3 (N50),, and
Au*(CHy), and the IR-REPD spectrometer has been characterised against
a well-studied system of V*(CO,), complexes. In order to record the IR~
REPD spectra for small metal ion-molecule complexes, an argon atom is
employed as the inert messenger.

A combined IR-REPD spectroscopy and DFT investigation of M*(CO,),
complexes (where M = Co™, Rht and Ir") reveals a common [M*(CO,),]
core structure for all three considered metal ions. Additional ligands, which
are not directly bound to the central metal ion, experience lower perturbation
as evident in the reduced blue-shift for the ligand in the outer coordination
shells. A further IR-REPD/DFT study involving CO, complexation around
NbOj and TaOj ions reveals a strongly-bound core of four CO, ligands
around the MO3 ion (M = Nb, Ta). A significant increase in the intermolec-
ular bond distances for the second coordination sphere ligands coincides with
a decrease in the calculated binding energies.

Velocity map imaging is employed to explore the rich photodissociation dy-
namics of VO in the vicinity of C*X~ - X*¥7(v,0) vibronic transitions in
VO. The final quantum state distribution was observed to be strongly de-
pendent on the intermediate vibronic state of VO via which the dissociation
threshold is reached. This work provides a refined value for the VO disso-
ciation energy of Dy(VO) = 53190 + 261 cm™! in excellent agreement with
available literature.
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Chapter 1

Introduction

1.1 Interest in the Study of Isolated Metal-

Containing Complexes

Experiments with isolated metal-containing complexes can provide insights
into processes occurring at a molecular level unperturbed by the influence of
solvent, aggregation or counter ion effects. Metal ion-molecule interactions
are of fundamental importance in understanding many processes that occur
across chemistry, biochemistry, planetary sciences, and astrophysics. Metal
ions often play a crucial role in the active sites of enzymes, which greatly
influences their function and determines their chemical reactivity.! * Simi-
larly, ions such as Na®™, Mg", Fe™ and Co™, resulting from meteor ablation
constitute integral parts of acrosol particles in the Earth’s atmosphere.>® Nu-
merous metal ions have further been detected in the atmospheres of Mars,

Jupiter and Neptune.”®

Interactions between metals and molecules are also crucial in understanding
the role of an active centre in heterogenous catalysis.' With a countable
number of atoms/ions, isolated complexes and clusters can serve as suitable

model systems for heterogeneous catalysis susceptible for rigorous computa-
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tional treatment.!! Quantum chemical computations in conjunction with the
experimental data can thus provide further insights into fundamental forces

that govern interactions between ions and molecules.'? 4

Many industrial catalysts are heavily dependant on their metal oxide com-
ponents. The performance of the iron-based catalyst in the Haber-Bosch
process is vastly enhanced by the Al;O3z, CaO and K5O promoters, which
can also provide the support.!®'® Furthermore, metal oxides, and particu-
larly the dioxide complexes, are of paramount importance as oxygen carriers
in biochemistry, where exposed metal ions in the enzyme active sites can

form metal (ion) - Oy adducts.!” 9

1.2 Generation of Gas-Phase Metal-Containing

Complexes

One of the crucial experimental challenges in the study of gas-phase metal-
containing complexes is a reliable generation of thereof in adequate abun-
dances. The early sources consisted of thermally-heated ovens — also known
as Knudsen cells — where the vaporised metal is seeded in a background
gas that supersonically expands over the oven.?%2! The collisions with the
background gas stabilise the newly-formed cluster against evaporation by re-
moving any excess energy. Unfortunately, the oven source suffers from a high
consumption rate of the sample and was initially limited to metals with low
boiling points e.g. alkali metals,?? although clusters of other metals including
Al Cr, Ni, Cu and Ag clusters produced by oven sources have since been

reported.?24

Moreover, metal clusters can be formed using the pulsed-arc cluster source
(PACIS).?>2?¢ Here, an electric discharge produces plasma from the back-
ground gas which then flows towards the sample vaporising the metal sur-

face. PACIS can operate at high repetition rates and produce high-intensity
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cluster beams. However, the plasma requires additional cooling and like the
oven sources, PACIS instruments consume a significant amount of the sam-
ple. Similar to a PACIS source is the inductively coupled plasma (ICP)
source as used by the Bohme group.?” In the case of an ICP source, typically
an argon plasma is produced by electromagnetic induction and the metal salt
solution is sprayed into the plasma. Collisions between electrons and charged

particles in the argon plasma then generate individual metal ions.

In the case of sputtering sources, an ion gun generates rare-gas ions (typically
Xe, Kr or Ar) which are accelerated towards the metal target.?® If the
kinetic energy of the incoming rare-gas ion is sufficient, metal atoms (or ions if
a voltage is applied to the target cathode) will be ejected. Sputtering sources
can produce clusters in all three charge states. For instance, Lineberger et al.
studied coinage metal cluster anions (Cu,,, Ag, and Au,) up to n = 10.%
An extension of the traditional sputtering source is the magnetron sputtering
source, which initially confines the argon plasma in a magnetic field prior to

acceleration towards the target.3! 33

The laser vaporisation (ablation) source (Figure 1.1) developed indepen-
dently by groups of Smalley** and Bondybey?®® in 1981 has become the most
widely-used source for the generation of gas-phase metal-containing species.
Local heating of a metal target is achieved by a focused beam of a pulsed
laser (typically the 2"¢ (532 nm) or 3" (355 nm) harmonic of a Nd:YAG
laser). Upon heating of the metal surface, the neutral and ionised metal
atoms are emitted from the surface; ablation also produces free electrons
that can attach to newly-ablated atoms. The metal plasma produced by
the ablation is then typically entrained in a gas pulse confined to a growth
channel. This promotes the three-body collisions necessary for the formation
of larger clusters.?® Collisions with the background gas disperse any excess
energy that results from the newly formed metal-metal bonds. Following the
cluster channel, the background gas containing the clusters expands freely

into vacuum before being skimmed as it enters the next region of the experi-
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mental apparatus. Metal targets are generally rods or discs, and the target is
continuously rotated to ensure the ablation of a fresh surface. Non-metallic
clusters have also been successfully prepared by laser vaporisation, including

Cgo by Kroto, Curl and Smalley et al.®”

Nd:YAG vaporization laser

focusing lens

sample rod holder
e

General Valve

growth channel skimmer

gas line in
_/ﬁ to detection

|
\

rotating rod sample

I

d2
d1

1N

Figure 1.1: A traditional Smalley /Bondybey laser vaporisation source used by the Dun-

can group. Reprinted from Duncan, M. A. Rev. Sci. Instrum., 2012, 83, 041101-01—

041101-19 with permission from American Institute of Physics.36

The Duncan group has observed that a “cutaway” modification of the Smal-
ley / Bondybey-type ablation block with no growth channel is particularly
suitable for the production of weakly-bound atomic ion-ligand complexes.?
Duncan et al. have produced complexes with several ligands including H5O,

CO; and benzene using this ablation block design.3¥40

Laser vaporisation sources with a cryogenically cooled cluster channel have
been reported in the literature. Knickelbein et al. used liquid nitrogen to
cool the growth channel to 77 K in order to enhance the cooling process and
the production of large metal clusters.*! Knickelbein et al. were thus able
to form neutral nickel clusters (Ni, of up to n = 90). Similarly, Fielicke
et al. used an additional cryogenically cooled block (following the growth

channel) with a liquid nitrogen reservoir to produce vanadium clusters with
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weakly-bound argon atoms (V,Ar;).*2 Often a cryogenically cooled cluster
channel is required to bind weakly-bound rare-gas tags to metal clusters (as
discussed in Section 2.4.2 and 2.6).

Kaya and co-workers designed a dual-rod ablation source for the production
of mixed-metal binary clusters.*® In this design, two metal rods positioned
in the source are ablated with two counter-propagating lasers. Mixed-metal

complexes formed by Kaya et al. using the dual-rod ablation source include
Co,V,, SipNa,,, Co,Al~ and Au,Pd~.136

Originally developed for the mass-spectrometric studies of biological macro-
molecules by Fenn et al., electrospray ionisation (ESI) is becoming a viable
alternative to laser ablation.*”® A liquid sample is passed through a small
capillary placed at a potential difference of a few thousand volts. The capil-
lary emits a jet of small charged liquid droplets which are inherently unstable
and undergo further evaporation of solvent until only isolated ions remain.
ESI serves as a particularly reliable source of the generation of large metal-
ligand complexes. Niedner-Schatteburg and co-workers used ESI to produce
large coordination complexes of iron [Fe3O(OAc)g(N3),]™ (with n =1 — 3,
OAc = CH3CO;) and complexes of Ag™ with 1-methylamine.?*5° Similarly,
Johnson and co-workers formed complexes such as [MgSO4(H0)—q 11]*"
and M**RCO; (where M = Mg, Ca; R = CD3, CD,CD3).%%2

1.3 Catalysis at a Single Metal Atom / Ion

Centre

Several atomic ions were found to exhibit a propensity for catalytic activ-
ity. In their ion cyclotron resonance (ICR) mass spectrometry experiments,
Kappes and Stanley were first to observe Fe™ mediated oxidation of CO by
N,0:%3
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Fe™ +N,O — FeO™ + N, (1.1)

FeO' + CO — Fe' + CO,. (1.2)

Even though this reaction is strongly exothermic (A,H = 3.79 eV), the
oxidation of CO by N,O does not occur in the absence of a catalyst due to
large energy barrier of 2.05 eV as calculated at the B3LYP/6-311+G(d)triple-
¢ basis set augmented level of theory by the Bohme group.®® Other metals,

which have shown an ability to mediate this process are Pt*, Os™ and Ir™.

One of the most intriguing reactions again involves FeO™. Fe™ is inert towards
H,, however FeO' was observed to mediate catalytic conversion of Hy into
H,0:55 58

FeO" 4+ H, — Fe™ + H,0. (1.3)

FeO" can be simply formed in reaction 1.1, which then yields a full catalytic
cycle. The reaction efficiency of 1% is surprisingly low, which several early
computational studies attributed to spin crossings between different potential

energy surfaces.

As shown in Figure 1.2, the transition energy barrier for a sextet potential
energy surface is significantly higher than for the quartet equivalent. The
reaction is thought to proceed through (two) spin-inversion junction(s) be-
tween the two surfaces, which was initally thought to reduce the reaction
efficiency.?® Nevertheless, recent transition state theory calculations and
surface hopping dynamics simulations by Harvey et al. suggest that the re-
action bottleneck lies in the insertion of FeO™ into the H-H bond on the quar-
tet surface.®*6! Experimentally, however, the exact product quantum state

distribution is still unknown. This example illustrates the crucial interplay
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between experiment and theory required to fully understand the complexity

of metal mediated catalysis even at a single atomic ion centre.

4FEO:~TH\2\\ 46MECP jj[)si
12.6 T :
4TS1 ¢
5FeO* + H, 14 152
0 kcal mol? -9.5
4Fe0* o H,
-7.9 6FeO* ¢ H,
-13.0 T2 epets
=27.2 H,0
SHFeOH* —313

4FeO* ¢ H, 335

4HFeOH*
-35.7 SFe* +

48MECP -38.0

-69.1

SFe*eH,0
-71.1

Figure 1.2: Potential energy surfaces for FeO" + Hy — Fe't4 H,0 reaction, calculated
at CCSD(T)/aug-cc-pVXZ(X=T,Q) level of theory. MECP indicates the minimum energy
crossing point and TS refers to transition states. Reprinted from Harvey, J. N.; Tew, D. P.
Inter. J. Mass. Spectros., 2013, 354-355, 263-270 with permission from Elsevier B.V.60

Several other interesting catalytic systems have been reported in the litera-
ture. On this topic, extensive reviews were written by Bohme and Schwarz,

Schwarz, and Roithova and Schroder.5264

1.4 Metal Clusters as Tractable Models for

Heterogeneous Catalysis

Small metal clusters can also serve as tractable models for heterogeneous

catalysis. Various extensive accounts of the field that extend the focus of this

11,14,65

thesis can be found in the literature. Here, only a short and selective

description of some recent developments is presented.
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Countable number of atoms renders small metal clusters particularly suitable
for theoretical treatment to both gain additional insight into catalytic pro-
cesses, and to benchmark different computational methods. Shi and Ervin
observed that small anionic platinum clusters Pt ,, (where n = 3 - 7) can
act as an effective catalyst in converting CO into COs in a reaction with
either NoO or 0,.56 The oxidation cycle involving CO and N,O on gas-phase
platinum clusters was also observed in a FT-ICR mass spectrometry study
by Beyer, Bondybey et al.%" In a reaction involving Pt and 1:6 mixture of
CO and N5O, the authors observed a formation of a steady-state between

Pt?, Pt;O" and Pt;O5 after 3 second residence time in an ICR cell.

Bernhardt, Landman, Heiz and co-workers later studied the conversion of CO
to COy by Au;, dimer by measuring the kinetics of the reaction in conjunc-
tion with computational modeling.®% The authors observed the following

catalytic cycle:

Au{ + 02 + QCO — AU_27 + 2002 (14)

As shown in Figure 1.3, the first step in the catalytic cycle is the barrier-
less formation of a superoxo-like Au,O; complex. Partial charge transfer
to the antibonding m-orbital of O, increases the propensity for CO molecule
insertion, forming either a peroxyformate Auy(CO)O5 complex, or the more
stable carbonate isomer AuyCO;. The co-adsorption of CO to form the
carbonate isomer requires surmounting a barrier of 0.3 eV, whereas the for-
mation of the peroxyformate isomer is barrierless. The structure with the
stoichiometry of this intermediate step has also been detected experimentally
by the authors. Formation of COs from the peroxyformate isomer involves
a metastable Auy,CO; intermediate. However, the heat of reaction from
desorption of the first CO, is sufficient to offset the binding energy of the
remaining COsy; the second CO; is thus also easily desorbed. Production of
COy from the reaction of the carbonate isomer with CO involves an activation

barrier of 0.5 eV. Desorption of the first CO5 molecule produces an unstable
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Au,OCO™, which readily decays releasing the second molecule of CO5 and
the remaining Au, dimer. Both of these catalytic cycles are expected to be

contributing to the Au, catalysed oxidation of CO.

o0
2C0,  _ Au;
o, Ok
0.5
052 [+CO AUZOZ_
A +CO
Au,CO; 0.3

E\Auzcog "co
-CO;™ +CcON Au,CO0;
Y Coe
¢ e
%o

Figure 1.3: Catalytic cycle for the gas-phase oxidation of CO to COgy wia Os co-
adsorption on Au,. The numbers in the catalytic cycle refer to the calculated reaction
barriers (in V). Colour scheme: Au — yellow, C — grey, and O — red. Adopted from Lang,
M. S; Bernhardt, T. M. Phys. Chem. Chem Phys., 2012, 14, 9255-9269 with permission

from the Owner Societies.%8

1.5 Reactivity Studies of Atomic Metal Ions

Of particular relevance to the work in this thesis, Bohme and co-workers
have studied extensively reactions of COy with main-group and transition-
metal atomic cations.”” The kinetics measurements were performed using
the selected-ion flow (SIFT) tandem mass spectrometer.”t Atomic metal ions
were produced in a ICP source and cooled to ca. 295 K via collisions with
helium background gas in the flow tube, and mass-selected using a quadru-
ple mass analyser. Pure CO, reagent was then injected into the flow tube
while monitoring the ion signal at different CO, flow rates. This allowed
the authors to measure the reaction kinetics for 46 atomic-metal cations, as
displayed in Figure 1.4. COy was found to cluster with the majority of the

metal ions. The initial step in complexation is thought to be a termolecular
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process where collisions with the helium background gas remove any excess

energy arising from metal-ligand binding.
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Figure 1.4: Reactions of metal ions with COs studied by Bohme et al. Efficiency refers
to the ratio between the reaction rate constant and the calculated collision rate. For Sc™,
Tit, YT, Zr", Nbt, La®, Hf", Ta* and W' O-atom transfer is the dominant reaction
pathway. Reproduced from Koyanagi, G. K.; Bohme, D. K. J. Phys. Chem. A, 2006, 110,

1232-1241 with permission of American Chemical Society.”

Bohme et al. also measured equilibrium constants for the clustering process.
This allowed the Gibbs free energy of CO5 complexation to each metal ion to
be determined. All processes are found to be exothermic and the extent of
exothermicity depends on the strength of the attraction between the metal
ion and CO, (for the instances where Dy(M*~CO;) are known™). Nine early
transition-metal ions are found to abstract an O atom from a CO4 molecule
as the dominant reaction pathway: Sct, Ti*, Y*, Zr", Nb™, La™, Hf ", Ta®t
and W™ In all nine instances, the O-atom abstraction is thermodynamically
driven; all nine cations have oxygen affinities larger than CO. Hence, the
O-atom transfer is an exothermic process for all observed reactions. Of these

reactions, only O-abstraction by Hf" is spin-allowed. However, the crossings
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between potential energy surfaces remain unknown and continue to present

an experimental and theoretical challenge.

The Bohme group extended their survey to lanthanide ions, where they ob-
served O-atom abstraction when reacting CO, with La™, Ce™, Pr*, Nd™,
Gd", Tb" and Lu".”™ Futhermore, Bohme et al. also studied reactions of
atomic metal cations with various other ligands including N,O, CSy, NHj,
O3 and CH4.™ " In the case of N,O, both O-atom and N-atom transfer reac-
tions were observed for Ti", Zr", Nb™, Ta®, Os™ and Ce™. For most metals
O-transfer from NoO occurs much more readily than from COs, which is
consistent with the relatively lower oxygen affinity of NoO. Again, O-atom
abstraction is thermodynamically driven. Similarly, in reactions with CHy,
Ast, Nb*, Tat, W', Os™, Ir™ and Pt" showed propensity for H, abstrac-

tion.””

1.6 Collision-Induced Dissociation

Armentrout and co-workers have extensively investigated the properties, par-
ticularly the binding energies, of not only naked metal clusters but also
various metal-ligand complexes via collision-induced dissociation (CID).™
In their guided ion beam (GIB) experimental setup,”®® Armentrout et al.
form metal ions in a sputtering source before introducing the ligand of inter-
est seeded within the carrier gas. The complexes are subsequently extracted
from the source region, mass selected in a magnetic sector momentum anal-
yser and decelerated to the required translational energy. An octopole ion
guide transports the ions through a gas cell containing the collision gas (typ-
ically Ar or Xe). If the kinetic energy of the ions is sufficient, the collision
with a rare gas atom will cause dissociation of the complex. The reactants
and products are finally detected with a quadrupole mass analyser. In their
study of water-solvated first row transition metal ions (M*(H20),, n = 1 —

4 with M = Ti to Cu), Armentrout et al. observed a step change in disso-

11
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ciations energies between n = 2 and n = 3 for all ions except Mn™.%! The
dissociation energies for Mt (H,0);_5 are considerably larger than the ener-
gies for the n = 3 and n = 4 counterparts. This can be interpreted as the
first two ligands occupying the inner solvation sphere to which other water

molecules bind more weakly.

Armentrout et al. also studied CID of various Mg"™ complexes with CO,
CO,, ammonia, methane, methanol and benzene.®? For Mgt CO, a binding
energy of 0.60 eV was measured. In the case of using Xe as the collision
gas, ligand exchange reactions for Mg™(CO;) and Mgt (COs)s were observed
with the Xe atom replacing the CO, ligand. However, the exchange reaction

is endothermic, which signifies that CO5 is bound more strongly than Xe.

1.7 Rotational Spectroscopy of Metal Species

The recent development of the chirped-pulse Fourier transform microwave
(CP-FTMW) spectrometer® presents a major advancement in performing
high-resolution broadband rotational spectroscopy. CP-FTMW allows a mea-
surement of broadband rotational spectra across a large (typically 12 GHz)
bandwidth within a single experiment. Cooke and co-workers equipped the
CP-FTMW spectrometer with a laser ablation source, which enabled them to
record rotational spectra of metal-containing complexes such as AgCl, AuCl

and SnQ.8%

The ablation of a metal rod in the presence of an expansion gas (typically ar-
gon) seeded with a low percentage of the ligand of interest allowed the Walker
group to produce various weakly-interacting metal-ligand complexes.®® Using
CP-FTMW spectroscopy, Walker et al. were able to determine the geometry
of the CyHy - - - AgCCH complex.®” The authors observed transitions in the
rotational spectrum of CoHy - - - AgCCH consistent with a planar T-shaped
(s, asymmetric top geometry, where the Cy;Hy ligand lies perpendicular to

the axis defined by AgCCH. A minor deviation from a linear CyHs is ob-

12
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served upon coordination to AgCCH. The CCH angle in the ethyne ligand is
increased to 186° from 180° upon complexation to AgCCH. This geometry
is also confirmed by high-level coupled cluster singles and doubles (triples)
(CCSD(T)) ab initio calculations. CP-FTMW spectrometry can thus serve
as an effective tool for structure determination of small metal-containing
complexes. Other systems studied by the Walker group include the carbenes
of platinum and palladium PtC3 and PdCs, HyS complexation with MI (for
M = Cu, Ag, Au,) and NH3 - - - CuCL3 % In CP-FTMW experiments in-
volving metal containing species produced wia laser ablation, the identity of
the parent species can often only be identified in the post-analysis stage. A
similar experimental challenge is encountered with the velocity map imaging

studies involving metal containing species as discussed in Chapter 7.

1.8 Motivation to Study CO,

Today less than 1% of global CO emissions are reused.”! The scientific com-
munity has been extensively investigating potential pathways for CO, acti-
vation and its eventual re-use in industrial processes.”? % CO, can serve as a
suitable one-carbon (C1) feedstock material in synthetic chemistry. Alas, the
activation of COs, is particularly challenging due to its thermodynamic stabil-
ity and chemical inertness, and it ostensibly requires highly reactive reagents
in extreme reaction environments.?>? Nevertheless, viable synthetic routes
exist for the industrial use of CO, as a building block in the production of
urea, salicylic acid and various polymers.?* In most catalytic transformations
a metal-based catalyst is employed,” thus it is of paramount importance to

understand the nature of the interaction between CO, and the metal (ion).

Of a particular interest is recycling CO, into a useful fuel source using the

Sabatier reaction:?”

13
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A nickel based catalyst was originally used in a Sabatier reactor, although
other metals have been explored also, with a Ru-based catalyst being most-
widely used nowadays.”” 1% A Sabatier reactor is currently used on board
the International Space Station (ISS).'" CO, produced by astronauts and Hy
formed via water hydrolysis (together with Og) are then recycled in a Sabatier
reactor to form water in a near-closed loop (methane as a by-product is
discarded). Additionally, the Sabatier reaction is currently being considered
to be used for fuel (CH4) production needed for Mars exploration - CO could

be harvested from Mars’ atmosphere.!%?

Another key catalytic hydrogenation of COs involves the reverse-gas shift

reaction:?!

CO, + 2H, = CO + 2H,0. (1.6)

CO can then react further in a Fisher-Tropsch reactor to form various alka-

nes: 103

1.9 Thesis Overview

This thesis is laid out in the following manner: Chapter 1 already introduced
techniques that can be applied to the study of gas-phase metal containing
species. Chapter 2 provides a description of both experimental and theo-
retical methods used in this work. Applications of these methods in recent
literature are further discussed and briefly reviewed. In Chapter 3 charac-
terisation of a purpose built laser ablation source and IR-REPD spectrom-
eter designed for the study of metal ion-molecule complexes is presented.
Chapter 4 presents the first substantive study involving the new IR-REPD

spectrometer described in Chapter 3. Experimental data in conjunction with
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quantum chemistry calculations allows for the structures and binding motifs
in M*(COs),, (where M = Co, Rh, Ir) to be explored. Chapter 5 extends
the domain to transition metal oxides with the study of TaOj (CO,),, and
NbOj (COy),, complexes. In Chapter 6 a VMI study of VO is presented. This
study is performed using a modified Oxford VMI spectrometer equipped with
a laser ablation cluster source. A refined value for the dissociation energy of
VO is obtained. The thesis concludes with Chapter 7 (Summary and Out-
look) to highlight the main outcomes of this work and to present a scope for

future studies.
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Methods

2.1 Molecular Vibrations

A quantum mechanical interpretation of vibrational motion in a molecule
can be approximated by a simple harmonic oscillator (SHO), which obeys

the classical Hooke’s law given by:

F = —kx, (2.1)

where F' is the force, k is the force constant and z is the displacement from
the equilibrium position. The potential energy, V, of such oscillator is then

expressed as:

1
V= §lm2. (2.2)

Here = can be written as r — r. by defining r. as the equilibrium distance:

V= %k(r - re)Z. (2.3)

Thus the quantum mechanical Hamiltonian for a SHO is:
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n?  d? 1
H=——(—)+ -ka? 2.4
2u<dm2> gk (24)

where p is the reduced mass of the atoms, and % is the Planck’s constant (h)
divided by 2.

This gives the following expression for the Schrodinger equation for a SHO:

B %(%) + ska?]us, = B, (2.5)

where 1, is the vibrational wavefunction. Within the simple harmonic ap-
proximation, the solutions to the Schrodinger equation and the vibrational

energy levels in a diatomic molecule, F,, are given by:

E, — hz/<v + %) (2.6)

in which v is the vibrational quantum number which can take any positive

104

integer value, or zero.”* The classical vibration frequency, v, is equal to

Lk (2.7)

v=—
2m\l p

By convention, the energy eigenvalues of a SHO are often expressed as vi-

brational term values, G,:

G, = w, (v + %) (2.8)

where w, is the classical vibration wavenumber that can be related to the
classical vibration frequency via w, = % (by convention, w, is expressed in
ecm™! thus, ¢, the speed of light expressed in cm/s). A plot of SHO with
quantised energy levels is depicted in Figure 2.1 a). Allowed vibrational

transitions for a SHO follow the selection rule Av = +1 (which follows from
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the perfect parabolic nature of the potential), and the separation between
vibrational energy levels is simply w.. The SHO is a reasonable approxi-

mation of molecular systems only at the bottom of the potential well where

deviations from the equilibrium geometry are negligible.

Real molecules, however, do not behave like a harmonic oscillator. Even
at large internuclear separations, the SHO permits no dissociation. This is
at odds with real molecules that dissociate at large internuclear separation
with a finite dissociation energy, D.. Real systems also show anharmonic

behaviour as the restoring force of a bond is reduced as the bond is being
stretched.

Energy

o
o

Figure 2.1: a) Simple harmonic oscillator with illustrated equally spaced energy levels;

b) Morse potential with energy levels converging towards the dissociation continuum.

A better representation of molecular vibrations would thus be an anharmonic
potential such as Morse potential:'%

V(r) = D.[1 — exp(—ax)]? (2.9)

where q is:
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[272cp
=4/ —=—W,. 2.1
a Doh We (2.10)

In order to account for the anharmonicity, the vibrational term values, G,,

are adapted to a power series in (v + 3):

1 1\2 1\3
Gv:w6<v—|—§>—wexe(v+§> +weye<v+§> + ... (2.11)

where w,, is the classical vibrational wavenumber, x. and y. are first and
second order anharmonic constants, respectively. The form of the Morse
potential is shown in Figure 2.1 b). The vibrational energy levels are no
longer equally spaced but gradually converge towards the dissociation limit
with only a finite number of vibrational levels supported by an individual
potential. At large internuclear distances the potential flattens out, i.e.,
the force constant becomes zero, which allows for dissociation of a molecule.
At small r (i.e., the inner turning point), internuclear repulsion causes the
potential energy to increase at a faster rate than for a SHO. The reduced
symmetry of the anharmonic potential relaxes the vibrational selection rules
which become Av = +1,+2, +3... However, the intensities of the overtones

are typically weaker than the intensity of the fundamental transition.

In polyatomic molecules, oscillations of individual nuclei need to be consid-
ered. The potential energy of a polyatomic molecule is a function of displace-
ments of the atoms from their respective equilibrium positions. Therefore,
the potential energy of a polyatomic molecule can be expanded as a Taylor

series: 106

V:Vo+z(gg)ozﬂ—%Z(;:Zj)oxixij... (2.12)
i ’ i) v

Given that the potential energy at the equilibrium position must be a mini-

mum, the first derivatives ) . (%) are all zero. For small displacements the
/0
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higher order derivatives (> 2) can be neglected. Considering only changes
relative to the ground state potential energy, we can set Vo = 0. The expres-

sion for the potential energy can thus be simplified to:

1
»J

2 .
where k;; = ( 8‘1,‘;_) , also known as the generalised force constant.
i/

A polyatomic molecule of N atoms has 3N - 6 normal vibrational modes (3N
- 5 for a linear molecule). In addition to the selection rules identified above for
a diatomic, for a transition between vibrational states to be infrared-active

(allowed) it also needs to lead to a change in the dipole moment.'

The electric dipole transition moment, R, involving a transition between a
lower vibrational state described by the wavefunction, ¢!/, and upper vibra-

tion state given by ¢/, is expressed as:

R = [ wpuian, (214)
where p is the electric dipole moment operator.

o . o). 1,01
For a transition between non-degenerate states the transition moment, R""",

is non-zero when:

P(y,) @ T(p) @ D(y) = A (2.15)

where I' indicates an irreducible representation and A marks a totally sym-

metric irreducible representation of any point group.

It can be shown that the electric dipole moment operator, p, is further divided

along the three cartesian axes into pi,, p, and p,.'%* Hence:
L(y) @ T(pe) @ T(4y) = A (2.16)
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D)) @ D(py) @ T(¥y) = A (2.17)
L(y,) @ T(pe) @ D(y) = A (2.18)

At least one of the above operations must be true for the R*”" to be non-zero

and for a vibrational transition to be IR-allowed.

2.2 Experimental Measurements of Absorp-

tion

Absorption spectra are traditionally measured directly through use of direct
absorption spectroscopy. These methods generally rely upon measurement
of the extinction coefficient (¢) for a particular species. According to the
Beer-Lambert law, the change in the initial intensity of light (I;) due to

absorption is given by:

I = Ipe™=, (2.19)

where [ is the light intensity after a passage through the sample, ¢ is the
concentration of the sample, and [ is the path travelled by the light through
the sample. For gas-phase species the extinction coefficient and the sam-
ple concentration can be thought of as the absorption cross-section and the

number density, respectively.

Direct absorption techniques suffer from two experimental challenges when
applied to the study of gas-phase clusters. Firstly, laser ablation sources
typically produce a wide distribution of cluster species entrained in a molec-

ular beam. It is, therefore, not possible to record an absorption spectrum
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for a particular cluster size as any change in the light intensity would be a

convolution of the signals from a myriad of different species.

Secondly, the number densities of clusters produced by means of laser abla-
tion are, in general, too low to be probed by direct absorption. A standard
Smalley/Bondybey cluster source might produce ca. 10° of a particular clus-
ter per laser shot, which is an equivalent of around 2 x 10~!® mole. Assuming
that the clusters are confined to a cube with a side length of 1 cm, this would
amount to a concentration of 2 x 107 mole/L. Typical molar extinction
coefficients found for small gold nanoparticles are on the order of 4 x 10° L
mol~! em™1.1% So a 1 cm pathlength of clusters will yield an absorbance of

only ca. 8 x 1077, well beyond typical sensitivities using pulsed sources.

Cavity ring-down spectroscopy, which dramatically increased the absorption
path length, has been successfully applied in the visible region to strongly
absorbing systems such as AuSi and WO.!1%%!10 Other, non-Beer-Lambert
type spectroscopic techniques such as laser-induced fluorescence (LIF) exper-

iments have been performed on few systems, including Cu, or Ag—Ar. 1112

Both of these two techniques, however, fall short when applied to larger gas-
phase complexes. By contrast, mass spectrometric detection offers the very
highest sensitivity possible, with single ion detection efficiencies close to 1.
Hence, the most successful gas-phase spectroscopic methods involve the use
of “action spectroscopy”, which can overcome the problems associated with

traditional spectroscopic methods.

2.3 Time-of-Flight Mass Spectrometry

Mass spectrometry is a particularly advantageous tool for studying gas phase
clusters as it allows detection of a single ion with essentially unit efficiency at
high repetition rates. In a typical time-of-flight mass spectrometer electric

(and /or magnetic) fields are applied to separate the ions by virtue of different
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mass-to-charge ratios. In the simplest setup by Cameron and Eggers in 1948,
ions were accelerated using a constant electric field and a field-free drift
region.!t? Tons of different mass-to-charge ratios can thus be differentiated

by their arrival time at the detector (also known as the ion time-of-flight).

This design suffers from a particular experimental problem. Namely, ions
reach the acceleration region in a finite volume rather than as a point-in-
space. The ions will thus have a variety different initial positions and conse-
quently a range of velocities in the drift regions. This leads to different arrival

times at the detector and consequently a reduction in the mass resolution.

Repeller Extractor Ground
electrode electrode electrode

Lo

Er Ee |
i H %
e — ©
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i 5]
I =
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Sr Se So
Acceleration Extraction Drift regi
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Figure 2.2: Schematic of the classical Wiley-McLaren time-of-flight mass spectrometer
used to detect cluster ions. Three ions of different masses are shown to be temporally
separated in the drift region by mass (assuming the same electric charge) Er and Eg
represent electric fields in the acceleration and extraction region, respectively. Likewise,
Sgr, Sg and sp represent the path travelled by ions in the acceleration, extraction and drift

region, respectively.

To address this issue, a mass-spectrometer with two electric fields followed
by a field-free drift region was developed by Wiley and McLaren in 1955.114
Separate electric fields provided by repeller and extractor electrodes (Figure
2.2) compensate for the initial spread in the ion spatial distribution and yield

a narrow space focus at the detector.

In a Wiley-Mclaren time-of-flight mass spectrometer, ions with a given charge

23



Chapter 2: Methods

q are accelerated within the electric field (F) and traverse the distance s. As
the ions are accelerated through a potential difference, their potential energy

(U) is converted into kinetic energy (KE):

U=qFs <= KE. (2.20)
Hence the kinetic energy after the extraction region equals to:

1
KE = §mv2 = ¢(Ersr + Egsg). (2.21)

From here, the velocity can be expressed as:

v — \/ZQ(ERSR+EE8E) (2'22)

B m
Species with lower mass will thus achieve higher velocities and will traverse
the drift region faster. The ion time-of-flight will be dependant on their m/q
ratio. Wiley and McLaren have shown that the total time-of-flight is pro-
portional to the square root of the mass-to-charge ratio for particular ion.'*
The lighter ions (of the same charge) will reach the detector faster than heav-
ier counterparts. In practice, a “time zero” term, t; needs to be introduced

to account for any inaccuracies in experimental time-of-flight measurements.

The mass can be calculated by performing a fit to the follow expression:

t=ly |2 4ty (2.23)
q

where k and ty are constants. This can be now used to convert time-of-flight
scale into mass-to-charge scale. All mass spectra displayed in this thesis have
been converted from their time-of-flight to the mass-to-charge scale using
equation 2.23. Mass spectrometry is an essential detection technique for the

complexes studied in this work.
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2.4 IR-REPD Spectroscopy

2.4.1 Overview of IR-REPD Spectroscopy

Number densities of gas-phase metal-ion complexes produced using the laser
ablation source described in Section 1.2 are generally too low to be probed
by traditional direct absorption spectroscopic techniques. Instead, exper-
iments are performed using infrared resonance-enhanced photodissociation
(IR-REPD) spectroscopy — a variant of action spectroscopy — which utilises
the sensitivity of mass spectrometric detection for spectroscopic measure-
ments. Successful IR-REPD experiments were first demonstrated in 1985 by
Y.T. Lee and co-workers who studied the protonated hydrogen clusters Hs',

H7+ and Hg+.115

The principles of IR-REPD are the following: a molecule is irradiated with
tunable IR light while the ion signal is monitored as a function of wave-
length. An IR photon can only be absorbed if the energy of the incident
photon matches an allowed transition of an [IR~active mode of the molecule.
The absorption of a photon induces vibrational motion within the molecule
the energy of which can then be internally redistributed around the com-
plex wvia Intramolecular Vibrational Redistribution (IVR) eventually causing

fragmentation of the M'-Ligand bond and ejection of the ligand:

IVR

MH(L)n (v = 0) + he — MF(L), (0*) 2255 M (L),_, + L. (2.24)

2.4.2 Inert Messenger Techniques

Binding energies of metal-ion ligand complexes are often greater than photon
energies in the infrared region. For instance, typical binding energies of a
CO, molecule to transition metal cations are on the order of ca. 0.5 — 1 eV."

Hence, absorption of multiple photons would be required to photodissociate
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such a strongly-bound system. As illustrated in Figure 2.3, absorption of
multiple resonant photons is particularly challenging as a consequence of

anharmonic throttling.

a) Anharmonic throttling b) IR-MPD g

Energy

) IR-REPD
° 4 ®
") @~ IVR @
° ]

] 1T = >~ d 1T = -
,/K‘*. ,f‘\‘*. %

Figure 2.3: Schematics illustrating: a) Anharmonic throttling of multiple resonant pho-
ton absorption presented on a Morse potential; b) The IR-MPD process. The IVR,
which rapidly redistributes the energy over available vibrational degrees of freedom in
the molecule, is completed before absorption of subsequent photons. This ensures that
the molecule is always in the ground vibrational state and multiple-photons can thus be
absorbed, while the total energy of the complex is increased; ¢) The inert messenger tech-
nique demonstrated on hypothetical MT(CO,)3-RG, where an absorption of a photon
leads to the fission of the weak MT-RG bond.
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One method to circumvent this problem involves a co-adsorption of a weakly-
bound rare gas (RG) atom onto the complex, also known as “rare gas tag-
ging” 1167120 Also referred to as the inert messenger technique, this method
has gained importance in recent years in elucidating the structures of strongly-
bound ionic cluster complexes.!?123 Following the absorption of a photon,
the complex undergoes rapid IVR which leads to the fragmentation of the
M*™-RG bond. The loss of the rare-gas atom then serves as a signature of
photon absorption and IR-REPD spectra can be recorded by monitoring the
depletion in the intensity of rare gas tagged cluster (Figure 2.4).

M'L,-Ar
ML,
Normal mass spectrum |
IR laser off
-Ar
| |
IR laser on

Difference spectrum

Figure 2.4: Schematic illustrating the IR-REPD process on a hypothetical ML, —Ar
complex. Following the absorption of an infrared photon, the MTL,,~Ar complex dissoci-
ates by a loss of an argon atom, which leads to a decrease in the intensity of the parent

MTL,,~Ar ion and an increase in the M 1L, daughter channel.

Co-adsorption of rare gas atoms, such as argon, is sufficiently weak as to
cause little perturbation to the structure of the target complex. The addi-
tion of an inert messenger tag also results in a higher density of states, which
facilitates the IVR and in-turn increases the fragmentation yield. Argon is
a commonly used IR tag although recent years have seen successful demon-

stration of experiments involved using He-tagged complexes, which however
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require cryogenic cooling.'?4#126 Use of other rare gas atoms, such as Kr and
Xe, has been reported in the literature particularly in the studies of larger
metal clusters.'?”!2® In some instances, Hy molecule was also employed as

the inert tag.129:130

Efficient photofragmentation of larger metal clusters can also be achieved
with infrared multiple photon dissociation (IR-MPD), as illustrated in Figure
2.3 and further elaborated in Section 2.6.

2.5 Previous IR-REPD Experiments

The first IR-REPD experiments on metal-ion containing complexes were
performed by Lisy and co-workers, who focused on several alkali metal-ion
complexes with numerous ligands, including H,O and CH3OH.1317134 Subse-
quently, Duncan et al. have performed extensive studies of metal-ion con-
taining complexes involving H,O, CO, CO4, CoHs, acetone, benzene and Ny
ligands.!3* 149 The Ohashi group focused on the study of NH; complexation
with Mg*, Al*, VT, Cut and Agt!5% 1% and NO coordination to Fet, Cu*,
Ag*, Aut has been studied by Zhou et al.}3157

The next two subsections present a short overview of recent experiments
involving CO, Hy and CH,4 ligands. A more detailed discussion regarding CO,
can be found in Chapter 3 and Chapter 4. Several excellent and extensive
reviews by Walker, Walters and Duncan, Duncan, Lisy, Bieske et al. on
the topic of IR-REPD provide a detailed discussion of complexes involving

various ligands. 158163

2.5.1 MT(CO), Complexes

Metal-carbonyl complexes are known to form particularly stable complexes

in the condensed phase with a total of 18 valence electrons.'®*16°> Tradition-
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ally, bonding in metal carbonyls is described by the Dewar-Chatt-Duncanson
model involving electrostatic effects, o-donation and m-backdonation into the
antibonding 7 orbitals of CO which consequently weakens, or activates, the

C-0 bond (and lowers its stretching frequency).166-168

2000 2050 2100 2150 2200 2250 2300

cm’™

Figure 2.5: IR-REPD spectra for Mn*(CO),, complexes. The strong feature at ca. 2120

ecm ™! corresponds to stable n = 6 core of octahedral geometry (inset). The weaker feature

at ca. 2170 cm™! is due to CO ligands that are not directly attached to the Mn™ ion. The
dashed line marks the frequency of isolated CO at 2143 cm™'. Reprinted from Ricks, A.

M.; Reed, Z. E.; Duncan, M. A. J. Mol. Spectrosc., 2011, 266, 63-74 with permission from

Elsevier Inc.142

In their study of Mn™*(CO),, complexes Duncan and co-workers observed the
formation of stable Mn™(CO)g octahedral core (Figure 2.5),4%169 isolectronic
with a well-characterised neutral Cr(CO)g complex.!™ A noticeable decrease
in the fragmentation yield for n = 6 was observed and an onset of the feature
corresponding to CO ligands in the outer coordination shell is observed for
n > 7 (Figure 2.5). CO ligands in the outer coordination sphere, in the
absence of any covalent interaction, experience a modest blue-shift from the
free CO frequency. Mn*(CO)g also represents a common termination point
in the fragmentation of larger complexes. Similarly, Co*(CO); forms a stable

trigonal bipyramidal 18 electron complex isoelectronic to neutral Fe(CO);.1™
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CO coordination with other metals studied by the Duncan group include
the following ions: Sit, Sc*, Y+, VT, Tit, Zr*, Hf", PtT, Rh*, Cu* and
Aut 17717 The red-shift of the comparable carbonyls is greater in neutral
complexes as the positive charge on the metal contracts the electrons and

thus limits their scope for potential = backdonation.'4?

Zhou and co-workers have studied CO coordination with metal dimers such as
Tiy, Niy, Fey and Fe, 8183 and this has recently been extended to bimetallic

dimers CuFe™, FeZn* and CoZn*. 18418

2.5.2 M"TH, Complexes

The Bieske group has dedicated considerable attention to the study of Mt H,
complexes. These complexes are particularly interesting from the perspective
of developing suitable hydrogen storage materials (zeolites, metal-organic
frameworks) in which molecular hydrogen is attached to oxidised metal atoms
/ions. 1867188 Bieske et al. recorded high-resolution rovibrational spectra by
exciting the H-H stretch (using a narrow bandwidth IR-OPO/OPA laser),
which leads to redistribution of energy along the weak M™—H, bond and its
rupture. A change in the M™ intensity is then monitored as a function of
wavelength. The authors thus managed to determine experimentally rota-
tional constants, vibrational frequencies and bond distances for several M+ H,
complexes including Lit, Na®t, Mg*t, Al*, Cr™, Mn™, Zn* and Ag™ as the
central ion.!'%91% Due to unfavourable mass resonances, complexes of Cr™

and Zn* were studied with D, instead.

While an isolated H, molecule is IR-inactive, electric dipole vector in M+ H,
complexes lies along the intermolecular bond, allowing M™H, complexes to
be probed by IR spectroscopy.!®® Bonding between metal cations and Hy is
dominated by the charge quadrupole and charge induced dipole induction in-
teractions, which together favour a T-shaped configuration of (s, symmetry

with an intact Hy. At shorter intermolecular distances Pauli repulsion also
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comes into play. Repulsive interactions of the metal with the o, orbital of
Hy pushes electron density away from the H-H bond reducing its vibrational
frequency.'%? A modest red-shift in the H-H stretching frequency is observed
for the systems studied by Bieske et al., ranging from ca. 67 cm~* for Na*t
to 406 cm~! for Ag™ (¢f. Hy binding energies of 860 and 3395 cm™! to Na*t

and Ag", respectively).199:19

The studies by the Bieske group are, however, limited to the cases in which
the vibrational frequency of the Hy (ca. 4161 cm™1)'97 exceeds the binding
energy of molecular hydrogen to a metal ion. Accurate measurements of

binding energies of Hy to M thus still present an experimental challenge.

2.5.3 MT(CH,), Complexes

M™(CHy),, complexes were first explored by the Bieske group who inves-
tigated the complexes of Al"(CHy), and Mn™(CHy),.'"81% Later, Lisy et
al. studied Lit(CHy), complexes.?® Recently, Metz and co-workers have
explored extensively methane complexation with Fel ,, Co™, Nit, Cu* and
Ag™ 2017205 The IR-REPD spectra were typically recorded in the vicinity of
the symmetric (v1 (a;) = 2917 ecm™!) and asymmetric (v3 (t2) = 3019 cm™1)
stretches of methane. The n? coordination of methane to a metal ion is
preferred, as predicted by the calculations of Maitre and Bauschlicher using
second order Mgller-Plesset perturbation theory (MP2).2°6 The complexes
of methane with metallic cations are expected to exhibit some degree of co-
valency, which favours the n? coordination. Donation of ¢ electrons occurs
from the valance d.» orbitals of the metal cation to the empty antibonding
orbitals of methane.?”® Additionally, backdonation of electrons occurs from
the t5 bonding orbitals of methane ligand to the empty valence s orbitals of
the metal ions (if the valance s orbital is unoccupied). Thus, the C-H bond
can be considerably weakened, resulting in a large red—shift in the vibrational

frequency of ligated CHy.
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For Cut(CHy) and Ag*(CH,), redshifts of ca. 328 and 179 cm™! from the
symmetric stretch in free CH4 are observed, respectively. The smaller red-
shift for the Ag™ based complex is attributed to an increase in the ionic
radius, which favours larger metal cation — ligand distances and hence leads
to weaker interaction. IR-REPD spectra typically exhibit several vibrational
bands with frequencies of C—H bonds closest to the metal ion being the most
perturbed. For Cut and Ag*t, with d'° configurations, the complexes tend
to form symmetric complexes. For n = 2 complexes, both metal ions form a
staggered configuration of CH, ligands attached on opposite sides as identi-
fied by DFT calculations. Likewise, the n = 3 complexes are all of trigonal
planar structure. For n = 4 complexes, both trigonal pyramidal and tetra-
hedral structures are believed to contribute to the IR-REPD spectrum for
Cut(CHy)y, whereas only tetrahedral structure is for Ag*t(CHy)s. However,
the structures begin to differ from n = 5. The Metz group observed the for-
mation of larger Cu™ complexes by adding additional ligands to Cu™(CHy)y,
as inferred from larger bond distances in the case the fifth and sixth ligand.
Conversely, ligands around Ag™ are further apart, which reduces the ligand—
ligand repulsion and leads to trigonal bipyramidal and octahedral structures
for Agt(CHy)s and Agt(CHy)g, respectively.

2.6 Infrared Multiple Photon Dissociation

As briefly mentioned in Section 2.4.2 and depicted in Figure 2.3, IR-MPD,
involves fast absorption of multiple photons to drive the molecule above the
dissociation limit. In an IR-MPD process, the cluster undergoes initial res-
onant absorption of a photon followed by efficient IVR process which redis-
tributes the energy within the species. This allows the cluster to be in the
ground vibrational state prior to the absorption of the subsequent photons.
However, IR-MPD typically requires very high laser intensities such as that

provided by e.g. free electron lasers, and efficient IVR into many available
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vibrational degrees of freedom found in large metallic clusters. The “rare
gas tagging” technique, in conjunction with IR-MPD, can also be used to
elucidate structures of small metal clusters.'?"207 Here, the loss of rare gas
atoms indicates photon absorption associated with metal-metal vibrations.
IR-MPD experiments are not featured in this thesis, however, it is impor-

tant to appreciate the scope of IR-MPD in the study of metal containing

complexes.
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Figure 2.6: A and B are IR-MPD spectra of neutral Au;oKr and AuyKr, respectively,
recorded in the channel corresponding to the loss of a Kr atom. C and D are the respectrive
simulated spectra for the two structures calculated using the density functional theory.
Reprinted from Gruene, P; Rayner, D. M.; Redlich, B.; van der Meer, A. F. G.; Lyon. J.
T.; Meijer, G.; Fielicke, A. Science, 2008, 321, 674-676 with permission from AAAS.'27

As showcased in Figure 2.6 displaying the work by Fielicke et al.'>” on struc-
tures of small gold clusters, IR-MPD spectroscopy, complemented by simu-
lated vibrational spectra, is a powerful technique for discerning the geome-
tries of small metal clusters. The highly-symmetric Auyy exhibits only a
single strong feature in the IR-MPD spectrum corresponding to the triple
degenerate t, vibration as also confirmed by theory. As a single atom is re-

moved, Auyg forms a trigonal pyramidal structure with lower Cs, symmetry
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with two bands observed in the spectrum; these features result from the e
and a; vibrational modes. The IR-MPD spectra for both Augy and Auyg were
collected wia the inert messenger technique, while scanning the free electron
laser. The absorption of the photon only occurs if the photon energy is at
resonance with the frequencies of the Au-Au bonds, which yields the strong
IR bands in the IR-MPD spectrum.

Furthermore, IR-MPD experiments can also serve as an effective tool to char-
acterise different ligand binding motifs. A study of CO adsorption on group
10 cationic clusters by Fielicke, Meijer and co-workers revealed dramatic dif-
ferences in binding motifs across the group.2’® Nickel and platinum cationic
cluster bind CO exclusively in the atop (u;) configuration, whereas palla-
dium clusters show a propensity for binding in the atop (u;), bridge (u2)
and hollow-site (u3) configuration. Three different binding configurations in
the case of palladium clusters are attributed to the presence of isomers in
the molecular beam. One can rationalise the preference for the atop con-
figuration due to lack of free neighbouring atoms in small metal clusters.?%?
Interestingly, the relativistic effects make Pt-CO bond relatively stronger
than the Pd—CO bond and thus only the atop configuration is observed for

platinum cluster.?0®

2.7 Resonance-Enhanced Multiphoton Ioni-

sation

Resonance-enhanced multiphoton ionisation (REMPI) is now a well estab-
lished laser-based technique for ionisation of isolated gas-phase molecules.?!?
The technique relies on the fact that the likelihood of a multiphoton absorp-
tion is significantly increased in the event of resonant absorption to a real
excited state of a neutral molecule at the energy of one or more absorbed
photons. An outline of a typical one-color 2 + 1 REMPI scheme is depicted
in Figure 2.7. As illustrated in Figure 2.7, the ionisation probability for

34



Chapter 2: Methods

photons with frequency v is significantly larger than the likelihood for the
non-resonant photons with the corresponding frequencies of v and v3. Here,
the hypothetical excited electronic state is resonant at the 2 photon level for
the photons with the frequency v5. The excited electronic state of a molecule
is required to be sufficiently long-lived (tens of picoseconds) to allow for an
absorption of an additional photon, which can push the molecule to the ion-
isation continuum. Any successful ionisation event can be detected by mass
spectrometry and thus, the formation of ions serves as a signature of resonant

absorption of photons.
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Figure 2.7: a) A typical one-colour 2 + 1 REMPI scheme for species M resonant at the
frequency of v5. Two photons with frequency v, will drive the species to an intermediate
excited state from where it can ionised by an absorption of an additional photon. A
mismatch in the energy between the excited state and the photons of frequency v, and v3
leads to low ionisation likelihoods in these two instances. b) Mock time-of-flight spectra
expected for REMPIT scheme displayed in a). Only photons with frequency v» will ionise

the species and produce M7 ions that can detected using mass spectrometry.

Often irradiation of a molecule leads to a fragmentation of the parent species.
In this instance, techniques such as velocity map imaging (VMI) can be
employed to study the photofragmentation dynamics. REMPI detection
schemes are particularly suitable for the VMI experiments as they allow for

quantum state-selective ionisation of products following photofragmentation.
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2.8 Velocity Map Imaging

2.8.1 Overview of Ion Imaging Techniques

Following laser-induced photolysis, the resulting fragments will begin to ex-
pand as a series of concentric spheres, commonly referred to as Newton
spheres. The radius of each sphere will be determined by the recoil velocity
of the fragments. Chandler and Houston were first to demonstrate that the
fragments resulting from a photolysis can be accelerated in a time-of-flight
mass spectrometer and detected by a time and position sensitive detector.?!!
In their study of the photodissociation of CHsl at 266 nm, Chandler and
Houston observed the cleavage of the C—I bond, and formation of a CH3 rad-
ical and an I atom. The iodine atom can be formed in its ground electronic
state (*Pj32) state or in the first excited state (*Py/), which is 7603 cm™!
higher in energy. Single-colour 2 + 1 REMPI with the laser fixed at 330 nm is
used to state selectively ionise the CHj fragment from the ground vibrational
state (v” = 0 ). Chandler and Houston detected an image of CH;" with two
concentric rings corresponding to the production of iodine co-fragment in two

different spin-orbit states.

The experimental set-up used by Chandler and Houston employed a repeller
plate followed by a pair of grounded grid plates in the ion extraction region.
Although the grids ensured a uniform field, their presence proved to be a
major disadvantage: the grids disturb the ion trajectories and lower the ion
transmission. The presence of the grids requires rather high ion densities that

consequently lead to ion—ion repulsion (space charge) and image blurring.

A major advancement in achieving higher resolution arrived in 1997 with the
development of Velocity Map Imaging (VMI) by Eppink and Parker.?!? By
removing the grids, Eppink and Parker designed an “open” ion lens consisting
of repeller, extractor and ground electrodes (Figure 2.8). The electric field

in the extraction region is now inhomogeneous, however, as the curvature of
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the field can be shaped by tweaking the voltage ratio between the repeller
and extractor plates. By applying suitable voltage ratios, the ions can be
space focused onto the position sensitive detector located at the end of the
flight tube. Space focus ensures that all ions with different origin positions
but the same velocity component in the plane of the detector are mapped
to the same point on the 2D position-sensitive detector. Thus the Newton
spheres corresponding to a particular pair of photodissociation fragments are

superimposed on the 2D detector.
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Figure 2.8: Schematic of the ion lens design used by Eppink and Parker in their original
VMI experimental set-up, as shown in (a). In the zoomed in portion (c), ions are generated
at three different source positions. These ions are ejected at eight different angles separated
by 45° as shown in b). At the focal plane shown in d), the ions become space focused.
Reprinted from Eppink, A. T. J. B.; Parker, D. H. Rev. Sci. Instrum. 1997, 68, 3477-3484,
with permission of AIP Publishing.?!?

2.8.2 Inversion Techniques for Image Reconstruction

Multiple inversion techniques allow the recovery of the 3D Newton sphere
from the crushed 2D image. For systems with cylindrical symmetry, an an-
alytical reconstruction can be performed using the inverse Able transform.

However, direct Able transform performs particularly poorly in low signal-to-
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noise conditions. Several forward convolution methods have been developed
that can invert the image at low computational costs. For instance, BA-
SEX method involves fitting the observed image to a basis set expansion of
well-behaved Gaussian functions.?!? Its polar extension, pPBASEX, uses polar
basis sets functions that include the Legendre polynomials used for fitting
of the angular distributions of photofragments.?'* A widely applicable tech-
nique is also the onion-peeling method, which involves a subsequent removal
of contributions from the outermost layers of the recorded image.?'® Its po-
lar adaptation, polar onion-peeling (POP),?'¢ invokes the basis set functions
of pPBASEX. An alternative approach — which involves no image inversion —
is incorporated in the recently developed maximum entropy velocity image
reconstruction methods.?!” Here, the algorithm finds the forward Abel trans-
form to generate a simulated ideal image and then with reliance on Bayesian
statistics finds the representation, which would best represent the data set
in the consideration. An example of a POP reconstructed image following

the photodissociation of VO at 431.10 nm, with the corresponding kinetic

energy release (KER) spectrum, is shown is Figure 2.9.

a) Raw Image b) Reconstructed Image c¢) KER spectrum

@.
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Figure 2.9: a) Raw image recorded in the V* channel following the photodissociation of
VO (and subsequent ionisation of V) at 431.10 nm. The corresponding POP reconstructed
image is presented in b) and the resulting KER spectrum of the vanadium is shown in
¢). Each ring in the image corresponds to a peak in the KER spectrum, with each peaks

representing the formation of photofragments in different quantum states.

Although not a reconstruction method per se, the central slice of the image

can be obtained through the use of “slicing” techniques. For instance, direct
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current (DC) slicing involves an additional stepped series of electrodes in
order to prolong the ion time-of-flight and also, stretching out the Newton
sphere.?18219 The central slice of the ion Newton sphere is then selectively
detected with a narrow detector time-gate of sub 20 ns. Slicing discards a
significant fraction of potential experimental data and as such, might not be
suitable for species formed by laser ablation which are typically produced in

low number densities.

2.8.3 Applications of Velocity Map Imaging

Figure 2.10: Velocity map images of O(!D) following the photodissociation of O, at 157
nm. The crushed image of the Newton sphere is shown in a). The corresponding DC-sliced
image is shown in b). Polarisation of the laser is parallel to the detector. Both images
are highly anisotropic as anticipated from the B3X, — X3Zg_ parallel transition. Adopted
from Chestakov, D. A; Wu, S.-M.; We, G.; Parker, D. H; Eppink, A. T. J. B.; Kitsopoulos,
T. N. J. Phys. Chem. A, 2004, 108, 8100-8105 with permission from American Chemical

Society.220

Since its inception, VMI has been applied to a variety of chemical systems.
The Parker group has extensively studied laser photolysis of molecular oxy-
gen.??! Excitation of molecular oxygen at 157 nm from its ground vibronic
state (X 32;, v = 0) to the B 3% state yields oxygen atoms in the ground
(®P) and first excited ('D) state. The O('D) fragment can then be state-
selectively ionised using 2 + 1 REMPI scheme at 205.3 nm.?** Both crushed
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and DC sliced velocity map images recorded in the O('D) fragment chan-
nel display a significant degree of anisotropy, as observed in Figure 2.10.
Highly anisotropic images are also consistent with the B3 — X3E; parallel

transition at 157 nm.

In addition to photofragment imaging, VMI studies have also been extended
to photoelectron imaging. Wang and co-workers have employed VMI in their
study of mass-selected metal-containing anions.??? They have obtained pho-
todetachment spectra for various species including Au,, AuC;, Auy, Bj;
and B1,.22*%26 Similarly, Neumark et al. recorded photodetachment spectra
of metal oxides including Fe3O~, Co30~, Ti,O; and Zr,0; .?2"??® In their
experimental approach, the Neumark group cryogenically-cools the anions
in a radiofrequency trap prior to near-threshold photodetachment, which al-
lows them to record high-resolution photoelectron velocity map images.??
Groups of Fielding and Verlet applied photoelectron VMI to the study of
chromophore anions encountered in biological systems such as the green fluo-
rescence protein, and the photoactive yellow protein.??232 A time-dependent
study of the green fluorescence protein chromophore also gave an insight into

the excited state relaxation pathways following photon absorption.?33

In a crossed-molecular beam set-up, VMI can also be used to study reactive
collisions. Liu et al. have extensively studied the reactive scattering of the F
atom with CD,4 forming both DF and the CDj radical.?** 236 The scattering
at a centre-of-mass collision energy of 0.233 eV revealed several well resolved
rings in the image of the detected CD3 product in v = 0; these rings corre-
spond to vibrational excitation of the DF co-product. Additionally, strong
angular dependence is observed for different product channels. CD3 produced
with DF in v’ = 4 shows a strong propensity for forward scattering, while
the distribution with DF in v’ = 2 is strongly shifted towards backwards

scattering.

Similarly, Brouard et al. have extensively explored inelastic collisions of NO

with various rare gas atoms.?3"24 NO is an open-shell molecule, which ren-
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ders it available for full quantum state selection with a hexapole state-selector
that exploits the Stark effect.?*> The inelastic scattering of a state selected
NO(X?IL; 2, v = 0, j = 0.5, f) with Ar produces rotationally excited NO.?"
Any increase in the rotational excitation of the NO collision partner (higher
j” values) will result in lower fragment velocity of NO and consequently in
smaller velocity map images. The authors observed a significant dependence
of the differential cross section on the total NO parity conservation in the
collisions, which reveals the presence of quantum mechanical interference as
also confirmed by full quantum mechanical calculations. A static electric field
further allows orientation of a state-selected NO molecule with either the "N’
or 'O’ end directed towards the incoming Ar molecular beam.?*3 Each of
these two orientations leads to noticeable differences in the differential cross
sections of these inelastic collisions. These experiments demonstrate a signif-
icant degree of initial quantum state control one can employ in conjunction

with a crossed-molecular beam VMI setup.

Recent developments of fast sensors used for ion detection, such as PImMS,
opened the potential for multi-mass detection.?® Brouard, Stapelfeldt and
co-workers used a PImMS sensor for covariance imaging to determine the
structure of a pre-aligned molecule (3,5-dibromo-3,5-difluoro-4-cyanobiphenyl)

that underwent a femtosecond laser-induced Coulomb explosion.?47

2.9 Computational Methods

2.9.1 Overview of Density Functional Theory

Density functional theory (DFT) allows for accurate quantum chemical cal-
culations to be performed at comparably low computational cost. Hohenberg
and Kohn have shown that the properties of an n-electron system are com-
pletely determined by the ground state electron density, p(r).2%® The break-
through for DFT arrived with the formulation of Kohn and Sham,?*® which
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allows the ground state electron density to be described as:

mm=§jmmw2 (2.25)

where ¢;(r) is the electron wavefunction of the it electron. The total energy

of a system can thus be described as a sum of different energy contributions:

Elp(r)] = Tlp(r)] + Enclp(r)] + J{p(r)] + Exelp(r)] (2.26)

where T'[p(r)] is the kinetic energy of the non-interacting electrons, E,.[p(r)]
is the Coulombic attraction between nuclei and electrons, J[p(r)] is the
Coulombic electron-electron term, and E,.[p(r)] is the exchange-correlation
energy, which contains contributions from the non-classical repulsion between
electrons, and the correction to the kinetic energy due to presence of other

electrons.???

Equation 2.17 can be expressed in bra-ket notation as:?%!

N m

Elp(r)] = - %fj(mv?@ DIACHD lrf’ ;)

. k|
' g (2.27)

+ ij: <%|% / %drdﬂgp» + Exc[p(r)]

| — 7|

By applying the variational principle, Kohn and Sham showed that this yields

the following Kohn-Sham equation:?4?

1 . Z, p(r")
- -Vi- dr' +Vxco | i = cipi .
( 2 zk:|7"i—7"k|+/|7“—7“’| G A (2.28)

By combining the potential terms, this can be written succinctly as:

1
( - Evzz + VKS) i = Eipi (2.29)
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where

m

Zk’ p(T’/) /
- N2k AR
Vks zk: T— +/ 7] r + Vxco (2.30)

with Vxe = 0 Ex¢/dp(r). Hence, the exchange-correlation potential, Vx¢, is
the functional derivative of Exc with respect to the density. One can con-
sider the electrons as independent particles moving in the effective potential,
Vi .22 In principle, DFT is exact, the only part of the formulation with
no explicit expression is the exchange-correlation energy, Exco. Kohn and
Sham initially proposed the local density approximation (LDA), which lo-
cally treats the density as a uniform electron gas. A more practical extension,
local spin-density approximation (LSDA), allows for a separate treatment of
different electron spins. Nevertheless, LSDA still significantly overestimates

the electron correlation in molecules.

A significant improvement arrived with the generalised gradient approxi-
mation (GGA), which includes the (higher) derivatives of the electron den-
sity.?°1:252 In real chemical systems, the electron density is not uniform, hence
the correlation will not only depend on the local density, but also on the de-
gree of the local variation of the electron density, which makes the gradient of
the density particularly important. One of the first GGA exchange function-

253
)

als was developed by Becke (B) which was followed by another popular

functional PBE of Perdew, Burke and Ernzerhof.?”* Commonly used exam-

6%°° or Perdew and Wang’s

ples of correlation functional include Perdew’s P8
PW91.%5¢ Additionally, some correlation functionals such as LYP (Lee, Yang

and Parr),?" also include semi-empirical parameters.

Functionals can be further improved by combining the exchange part of the
density functional with a proportion of Hartree-Fock exchange to produce
what one is refered to as a hybrid functional. One of the most widely-
used hybrid functionals B3LYP,?%® combines the LYP correlation functional

with Becke’s exchange functional, while also replacing a part of GGA ex-

43



Chapter 2: Methods

change with 20% Hartree-Fock exchange. B3LYP is particularly popular with
calculations involving organic molecules but the LYP correlation functional
performs somewhat poorly with metals.??® Computations performed in this
work rely heavily on the B3P86 functional, which combined the correlation
functional of Perdew (P86)% with the exchange functional of Becke (B)?*3
coupled with 20% Hartree-Fock exchange. Buhl et al. benchmarked the per-
formance of several functionals for the third-row transition-metal complexes
against available experimental data and deduced the best performance for
B3P86 (joint top with hybrid PBE).?%°

2.10 Summary

This chapter described experimental and computation techniques employed
throughout this work: IR-REPD spectroscopy, DFT and VMI. IR-REPD
spectroscopy and DFT methods are core techniques used in the study of metal
ion-molecule complexes, as presented in Chapters 3, 4 and 5. Furthermore,
a VMI study of VO is presented in Chapter 6. This chapter also provided

an overview of applications of these techniques in the recent literature.
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Development and

Characterisation of an
IR-REPD Spectrometer

A new IR-REPD spectrometer equipped with a laser ablation source is specif-
ically constructed for the study of metal ion-molecule complexes. Metal ion
complexes are generated in a purpose-built laser ablation source and photdis-
sociation events are induced using the infrared radiation from IR-OPO/OPA
laser. The laser ablation source is principally designed to promote the pro-
duction of single metal ion complexes with weakly-bound ligands. Successful
operation of the new ablation source is demonstrated by the formation of
RhT(COy),, VO3 (N,0),, and Aut(CH,), complexes. The performance of
the IR-REPD spectrometer is characterised with a well-known system of
VH(COs),.
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3.1 Overview of the IR-REPD Experiment

The new IR-REPD experiment comprises of two differentially pumped cham-
bers: (i) a source chamber, housing a laser ablation source, and (ii) a detec-
tion chamber containing a commercially-built Wiley-McLaren time-of-flight
mass spectrometer (R. M Jordan Co., Inc). The two chambers are maintained
at a background pressure of ca. 10~7 mbar using two turbomolecular pumps,
which are in turn backed by two individual rotary pumps. A schematic of the
experiment is depicted in Figure 2.1. During experimental runs, the pres-
sures in the source chamber and detection chamber rise to ca. 1 x 10~* mbar

and 8 x 107% mbar, respectively.

Metal-containing species are generated in a laser ablation cluster source (vide
infra - Section 3.3) and entrained in a pulse of buffer gas (typically Helium
or Argon) seeded with a low percentage of the ligand of interest. Following
the jet expansion, the molecular beam is skimmed (Beam Dynamics, 2 mm
diameter) upon entering the detection chamber. In the detection region,
ions are pulse-extracted orthogonally using a Wiley-McLaren stage into the
drift region of a time-of-flight mass spectrometer operated in linear mode.
The metal-containing ions are detected at the end of the drift region using
a dual microchannel plate (MCP) detector. Charged clusters are formed
nascently in the ablation process and can be probed directly with no need
for an ionisation step. The repeller and extractor electrodes in the Wiley-
McLaren stage are initially held at zero potential. When charged clusters
reach the extraction region, a pulsed voltage is applied to the electrodes

which consequently accelerates the ions towards the detector.
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Figure 3.1: Schematic of the overall experimental setup used in the IR-REPD experi-

ments.

The orthogonal extraction ensures that the velocity spread does not diminish
the time-of-flight resolution as the velocity distributions of particles in a
molecular beam are narrower perpendicular to the beam than along the axis

1.251 The ion beam can be enhanced by two deflector plates, which

of trave
help to direct the ions towards the centre of the detector without changing
their time-of-flight. The signal from the MCP detector is then displayed on
an oscilloscope (LeCroy Wavesurfer 64X), which is connected to a personal

computer (PC) through an ethernet cable.

IR photodissociation is induced using tunable IR light generated from an op-
tical parametric oscillator/optical parametric amplifier (OPO/OPA) system
(LaserVision). The OPO/OPA itself is pumped by ca. 700 mJ of the funda-
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mental harmonic (1064 nm) of pulsed Nd:YAG laser (Continuum Powerlite
II, 5-9 ns pulse width ) laser operated at 10 Hz. The OPO stage comprises
of two non-linear KTP (KTiOPQ,) crystals and the OPA stage comprises of
four non-linear KTA (KTiOAsO,) crystals.

Towards the

O PO O PA spectrometer

Optical
cavity e LD MidIR 7

Si polariser light

Beam
dump

Beam
dump

Doubling
crystal

1064 nm Beam splitter
pump beam

Figure 3.2: A simplified schematic depicting crucial elements of the IR-OPO/OPA sys-

tem used for generation of tunable IR light.

In order to generate tunable IR light, the OPO stage is pumped with 532
nm light, which is generated by frequency doubling the first harmonic of
the Nd:YAG pump laser using a BBO (Ba(BOy),) crystal as illustrated in
Figure 3.2. Thus generated light is then amplified by mixing the idler of
the OPO stage and the 1064 nm fundamental via difference-frequency mix-
ing. Following the OPA stage the silicon Brewster stack polariser isolate
the idler from the combined idler/signal output. The IR-OPO/OPA system
can reliably produce IR light between 710-885 nm (1408511299 cm™') and
1.35-5 pm (7407-2000 cm~!) with a bandwidth of ca. 3.7 em™'. IR light
below 2000 cm™! can be produced by externally adding AgGaSe, non-linear
crystal, which can extend the tuning range of the IR-OPO/OPA to as low
as 1000 cm~!. The beam path between IR-OPO/OPA and the spectrometer
is continuously purged with N, to prevent any atmospheric absorptions and

depreciation in the IR light intensity.

Photodissociation of cluster ions is performed by overlapping loosely-focused
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IR light and the cluster beam in a counterpropagating manner. IR-REPD
spectra are recorded by capturing time-of-flight mass spectra alternately with
and without IR light for few hundred laser shots at each laser wavelength.
A new LabVIEW program, which oversees all data acquisition and scanning,
has been written by the author of this thesis for the purpose of the IR-REPD

experiment.

3.2 IR-OPO/OPA Calibration by Means of

Photoacoustic Spectroscopy

Rough calibration of the IR-OPO/OPA can be achieved by manually trans-
lating each KTP crystal of the OPO stage to normal incidence, which will
give a signal wavelength at 802.942 nm (12454.2 cm™!) and idler wavelength
at 1576.659 nm (6342.526 cm™!). However, this method relies on visually
observing reflections from the K'TP crystal and can thus be rather imprecise.
Instead, a photoacoustic spectrum of a molecule with a known IR absorption
profile is recorded and used to ensure that IR-OPO/OPA laser is calibrated.

3.2.1 Principles of Photoacoustic Spectroscopy

The photoacoustic effect was discovered by Alexander Graham Bell in 1880.252

The first photoacoustic spectra using laser radiation were recorded in the
1960s.263 Following the absorption of an IR photon, a molecule can relax to
the ground state either by the emission of light, or through a third-body
collision. Loss of vibrational energy via collisions is typically the dominant
pathway following infrared excitation since lifetimes of vibrationally excited
levels are generally relatively long, around few milliseconds. Following a
collision, the vibrational energy is converted into translation energy of the
third-body. This increase in the translational energy then propagates through

104

the gas medium as a sound wave.™* The resulting sound wave can then be
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recorded by a microphone. The sound wave will only be produced if the laser
wavelength is at resonance with a (ro)vibrational transition of the molecule
of interest. The observed sound wave then serves as an indicator of photon

absorption.

3.2.2 Experimental Setup

The experimental setup for recording a photoacoustic spectra is shown in

Figure 3.3.

Oscilloscope
IR-OPO/OPA l Microphone
Gas cell —I
Beam
dump

Figure 3.3: Schematic depicting experimental setup used to perform photoacoustic spec-

troscopy.

Photoacoustic spectra are recorded for CHy and CO as they both strongly
absorb infrared radiation in the region of interest and their rovibrational
spectra are well-characterised. The gas of interest is placed in the gas cell at
a pressure of 1 bar. The gas cell is equipped with CaF windows to permit
transmittance of IR light through the cell. A microphone, which records
any sound waves resulting from IR resonance is mounted inside the gas cell
(Figure 3.3). Photoacoustic spectra are recorded by scanning the wavelength
of the IR-OPO/OPA laser and monitoring the sound wave intensity as a
function of IR photon energy.
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3.2.3 Photoacoustic Spectra of CH; and CO

Integrating over the intensity of the sound wave at different laser energies pro-
duces the photoacoustic spectrum of CH4 shown in Figure 3.4. The centre
of Q-branch is at 3019.36 cm™!, which is in a good agreement with litera-
ture value of 3019 cm~!.264 The deviation from the literature value is also
smaller than the laser linewidth of the IR-OPO/OPA laser, which is ca. 3.7
cm~!. Additionally, P and R branches around this band are also observed,
indicating that rovibrational resolution of this particular is achievable with
the IR-OPO/OPA laser.

Figure 3.4: Left: Photoacoustic spectrum of CH, recorded in the range of asymmetric

vg stretch. Right: Photoacoustic spectrum of CO recorded in the range of C-O stretch.

The photoacoustic spectrum of CO monitored in the range of the C-O vi-
brational stretch is also shown in Figure 3.4 (right). The “dip” between the
P and R branches occurs at ca. 2142 cm™!, which is in good agreement
with the literature value of 2143 cm~!.2%% The recording of the photoacoustic
spectra for CO and CHy gives confidence that IR-OPO/OPA laser is suitably
calibrated.
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3.3 Design of a New Laser Ablation Source

3435 s employed to generate gas-
ploy g g

A Smalley /Bondybey-type ablation source
phase metal ions. In a traditional Smalley/Bondybey source the cluster
channel confines the metal vapour and backing gas, and consequently pro-
motes three-body collisions needed for growth of larger metal clusters. How-
ever, the cluster channel is not necessary for producing complexes with single
metal atoms/ions. Thus, a new laser ablation source (Figure 3.5) has been
constructed with the aim of producing strong atomic ion signal. The develop-
ment of the new source has been inspired by a metal rod-based source design
by Duncan and co-workers.?¢ The absence of a cluster channel minimises the
generation of metal-metal clusters. The new source seeks to maximise the
formation of metal complexes with weakly-bound ligands that require cold,
free jet supersonic expansion. Cold expansion also facilitates the formation

of argon tagged complexes necessary for the study of small metal ion — ligand

complexes (see Section 3.5.4).

Rotating target

Pulsed valve T[]

% of X
in Ar or He
gas pulse

Skimmer

—_—

Towards
detection
chamber

|
. e aser
Focussing lens

Figure 3.5: Schematic of the new cutaway laser ablation source.

A schematic of the new laser ablation source is shown in Figure 3.5. In our
particular design, a rotating metal disc target is ablated by the focused 2nd
harmonic (532 nm) output of a pulsed Nd:YAG laser (Continuum Minilite)
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operated at 10 Hz with a typical pulse width of 57 ns and pulse energy
of 5-10 mJ/pulse. The metal target is rotated and translated to ensure
continuous ablation of a fresh surface. The metal vapour generated by the
laser ablation is entrained in a pulse of an inert gas (predominantly helium or
argon) seeded with a low fraction of the ligand of interest. A pulsed solenoid
valve (Parker-Hannifin General valve, series 9) delivers the gas pulse from
a typical backing pressure of 6-8 bar and a pulse duration of 500 us. The
molecular beam containing the metal-ligand complexes then passes through
the skimmer as it enters the detection region housing a Wiley-McLaren time-

of-flight mass spectrometer.

3.4 Laser Ablation Source Characterisation

3.4.1 Formation of Rh*(CO,), Complexes

Figure 3.6 shows time-of-flight mass spectrum obtained by ablating rhodium
target in the presence of a gas mix consisting of 7.5% of CO, in argon at
a backing pressure of 6 bar. FExpansions using different backing pressures
were also investigated, however changes in backing pressures in the range 5—
8 bar did not have a significant effect on production of clusters. A minimum
pressure of 5 bar is normally required to achieve a stable cluster signal. As

depicted in Figure 3.6, some very large COs-solvated species can be produced.

As observed in Figure 3.6, Rh™(CO;),, complexes are the dominant species
produced. RhO*(COy),, and RbhCO™(CO;),, complexes are produced as well,
albeit at lower intensities relatively to the Rh™(CO,), ions. Nevertheless,
clusters up to ca. n = 15 can be produced for RhO*(CO,),,, and up to n =
13 for RhCO*(CO,),.
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Figure 3.6: Typical time-of-flight mass spectrum formed upon ablation of rhodium target
in the presence of an expansion of 7.5% COs in argon at a backing pressure of 6 bar. In
addition to Rh*(COg),, complexes, RhOT(CO,),, and RhCO*(CO3),, complexes are also

formed, albeit in lower abundances.

Both time-of-flight and mass-to-charge (m/z) scales are included in Figure
3.6. Raw experimental data is collected by measuring the arrival time of
a particular ion. Conversion to the mass-to-charge scale can be made by
assuming a square root relation between mass-to-charge and time-of-flight
(ToF a \/m/z). Figure 3.7 shows the calibration plot for the mass spec-
trum presented in Figure 3.6. Using linear regression analysis, a linear fit
can be obtained between time-of-flight and m/z The R? value of 1.00 for the

fit in Figure 3.7 gives strong confidence that the mass calibration is correct.
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Figure 3.7: Conversion of time-of-flight scale to mass-to-charge (m/z) based on the
assumption that time-of-flight is linearly proportional to the square root of mass-to-charge

for a particular ion. In the calibration fit presented above, the linear regression gives an

R? value of 1.

Effects of different percentages of CO5 seeded in argon used for the expansion
are illustrated in Figure 3.8. Higher concentrations of CO, lead to larger
Rh*(COy),, being produced. In the case of a 15% COy/Ar mix, complexes
up to n = 22 can be produced. In contrast, 1% COs/Ar gas mix yields
complexes of only up to n = 11. By reducing the amount of CO, in the gas
mix, the distribution of complexes shifts towards forming smaller solvation
spheres. For 15% expansion, n = 6 is the most abundant complex whereas n
= 2 and n = 1 become the predominant species in the beam for the 7.5% and
< 2.5% expansions, respectively. For 15% and 7.5% expansions, significant
amounts of RhO™(CO;),, and RhCO™(COy),, complexes are produced, also.

95



Chapter 3: Development and Characterisation of an IR-REPD
Spectrometer

20
16 >
el n=5 E
>
-12 ‘5,‘
c
[0}
=
©
c
2
w
_JLI l J% “.J\.UUU.U
L L AUWJLJLJ <&
=

1 L L L 1 L L L 1 L
0 200 400 600 800 1000
Mass-to-Charge / u

Figure 3.8: Time-of-flight mass spectra recorded at different concentrations of COs
seeded in argon at 6 bar backing pressure. For clarity, only Rh™(COz), are labelled,
RhO*- and RhCO™-based complexes are also produced. Increasing the percentage of
CO> in the backing gas mix increases the propensity for formation of larger Rh*(CO,),

complexes.

3.4.2 Formation of VO; (N,0), Complexes

The new ablation source was designed to be flexible and adaptable, and can
thus produce gas-phase complexes using a variety of different ligands. In the
current setup, the ligand of interest needs to be efficiently seeded in argon or
helium backing gas. Figure 3.9 depicts mass spectrum obtained by ablating
vanadium target in the presence of a gas mix consisting of 2% N,O in argon

at a backing pressure of 6 bar. I As observed, the VO3 (N50O),, complexes are

IThis time-of-flight mass spectrum was collected together with M. J. Kent and some

preliminary analysis appears in his part II thesis.2%6
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the dominant species produced. At first sight, this is unexpected. However,
upon measuring rate coefficients for reactions of atomic cations with N,O
Bohme and co-workers determined that the O-atom abstraction from N,O is
the dominant process over NyO clustering.?’” In addition, Bohme et al. also
observed formation of VO3 (N5O),, complexes with VOJ as the nucleation
centre. This is in a stark contrast to using a gas mix of CO in argon (vide

infra - Section 3.5), where V*(CO,),, are the dominant clusters.
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Figure 3.9: The rich time-of-flight spectra depicting clusters formed by ablating a vana-
dium target in the presence of a gas mix containing 2% of NoO in argon. VO3 (N20),, com-

plexes are the dominant species produced. Smaller amounts of Ar-tagged VO3 (N2O),,~Ar
+

» complexes

complexes are also observed. In addition, significant amounts of neat (NO)

are also produced.

Interestingly, significant number densities of neat (N2O);} complexes are also
produced in the ablation process (as also observed in Figure 3.9). We further

observed the formation of gaseous (N,O)F complexes while ablating other
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metals such as copper, silver and gold in presence of N,O in argon.?%® One
might envisage that upon formation of metal ions, the ablation process pro-
duces free electrons which can then act as ionisation agents for a molecule of
N2O. As soon as a single NoO molecule is ionised, it can act as the nucleation
site that leads towards forming larger clusters. In the mass spectrum pre-
sented in Figure 3.9, (N2O) complexes up to n = 13 are produced. A similar
approach is employed by Beyer and co-workers, who form charged gaseous
clusters by ablating a metal with a low workfunction such as zinc.?®? In addi-
tion to the species discussed above, non-trivial amounts of VO3 (NoO),~Ar,
VO™ (N50),, VO (N,0),~Ar and VO3 (H,0)(N,0O),, were also observed.

3.4.3 Formation of Au*(CH,),, Complexes

Time-of-flight spectra presented in Figure 3.10 display Aut(CHy),, complexes
formed upon the ablation of gold target and by using the helium buffer gas
with a low percentage of methane.  In the time-of-flight mass spectrum
presented in Figure 3.10 a), 10% CH, in helium buffer gas at 6 bar is used
for expansion. As observed, Aut(CHy),, complexes are the dominant series
formed, with cationic gold dimer and even trimer clusters formed in lower
abundances. This is unexpected as the new ablation source was specifically
designed to maximise the production of the atomic metal ion. In this case, it
appears that the metal vapour undergoes a sufficient number of three-body
collisions between gold ions/atoms to form larger metal clusters. In the ex-
ample presented in Figure 3.10 a), gold dimer ion-based clusters Aug (CHy),
can be identified as well. Reducing the amount of CHy to 2% and adding 18%
Ar as the total percentage of the helium buffer gas produces argon-tagged

Aut(CHy),~Ar complexes as presented in Figure 3.10 b).

iThis time-of-flight mass spectrum is a result of joint work with D. Price and some

preliminary analysis appears in his Part II thesis.2”°
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Figure 3.10: a) Complexes formed using 10% CH, in helium at 6 bar.
b) Complexes formed using 2% CHy4 and 18% Ar in helium at 7 bar. In both cases, a gold
target is used for ablation. By introducing argon in the expansion gas mix, argon-tagged

Aut(CHy),~Ar complexes are also produced.

3.5 Model System: V7 (CO.,),

3.5.1 Previous Work on V*(CO,), Complexes

In order to characterise the new IR-REPD experiment, a well-studied system
was chosen. The choice of CO, as the ligand was based on its large IR cross
section (665 km/mol at 2349 cm™1).2™ IR-REPD spectroscopic and theoret-
ical studies of gas-phase VT (CO,), complexes were first performed by the
Duncan group.?"2?™ The dissociation energy of 0.75 4 0.04 eV for VT (COy),,
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monomer was measured by Armentrout et al. using collision-induced disso-
ciation.?™ This is similar to the theoretical value of 0.79 eV determined by
Bauschlicher et al. at the CCSD(T) level of theory.™ The binding energy
of COy to the vanadium cation is not insignificant, therefore one needs to
rely on argon tagging to record IR-REPD spectra of small V*(COy),, com-
plexes. The subsequent subsections present the result obtained for neat and

iii

argon-tagged V*(COy), clusters.

3.5.2 IR-REPD Spectra for Neat V©(CO,),, Complexes

The vibrational modes of carbon dioxide are well characterised. The isolated
CO3 molecule has three normal vibrational modes 1, 15 and v3 with funda-
mental transitions at 1333, 667 and 2349 cm™?, respectively.?”® The modes
are visualised in Figure 3.11. The experiments presented here focus in the re-
gion around the asymmetric stretch of CO,, v3, at 2349 cm™! as it is the only
infrared-active vibration mode within the tuning range of the IR-OPO/OPA
system described in Section 3.1 (without the use of AgGaSe, crystal).

a) Symmetric stretch c) Degenerate bend
v, 1333 cm’ v, 667 cm”
<= = ﬁ

b) Asymmetric stretch

v, 2349 cm’

=> <3 = 7
*——0 *——0
7 7

Figure 3.11: Visualisations of the normal vibrational modes of COs.

HTR-REPD spectra for neat V*(COg),, complexes was collected together with A. P.

Sharp and some preliminary analysis appears in his part II thesis.?”
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A typical mass spectrum of the distribution of V*(COs;),, complexes formed
in our ablation source with the IR laser “off” and “on” at 2349 cm™! is
presented in Figure 3.12. All mass spectra are recorded using 5% CO, in

argon at a backing pressure of 6 bar.
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Figure 3.12: a) Mass spectrum recorded with the IR laser “off”. The V*(COz),, com-
plexes are formed by ablation of vanadium target with 5% CO; in argon at 6 bar; b) a
mass spectrum recorded with IR laser on-resonance with the asymmetric stretch of COo
at 2349 cm~!; ¢) The difference spectrum obtained by subtracting the spectrum with IR
laser on from the spectrum with the IR laser “off”. The VO*(CO3),, and VCO™(CO,),,

complexes are also observed but for clarity, only V*(COs),, complexes are labelled.

In addition, Figure 3.12 ¢) shows the difference spectrum obtained by sub-
tracting the mass spectrum with the IR laser “on” from the mass spectrum
with the IR laser “off”. A positive signal in Figure 3.12 ¢) indicates an in-

crease in the signal for a particular cluster, whereas a negative signal indicates
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a depletion. The IR-REPD spectra for a particular cluster size are recorded
by monitoring the signal intensity of the difference spectra as a function of

IR laser wavelength.

The difference spectrum in Figure 3.12 ¢) shows an enhancement for n =1 -4
and depletion for complexes where n > 5. This is in excellent agreement with
the results of Duncan et al. who observed a common termination point for
fragmentation at V*(CO,),. This also supports the conclusion that four CO,
molecules constitute the first coordination sphere of ligands directly-bound
to V*. Any additional CO; is bound in the second coordination sphere.
These particular ligands are thought to be bound significantly more weakly
and, in larger complexes (n > 5), can be photodissociated by a single IR
photon with an energy around the COy asymmetric stretch. Ligands in the
second coordination sphere interact (to a great extent) only with other COy
molecules. Thus, it is expected for the binding energies of a second coordina-
tion sphere ligand to be close to that of a COy dimer - several intermolecular

potential models place this value at ca. 484 to 589 cm~t.27727

The IR-REPD spectra presented in Figure 3.13 confirms the premise pre-
sented above. The absorption spectrum for Vt(CO,)s shows three bands
centred at 2352, 2376 and 2397 cm~!. The band at 2352 cm™! is observed
virtually at the vibrational frequency of the asymmetric stretch in a free CO,
molecule. This feature arises from the ligands in the second coordination
sphere, which are not directly bound to the vanadium cation. These ligands
only experience interactions with other CO5 molecules that are present in the
second coordination sphere and as such their vibrational frequencies lie very
close to that of a free CO,. The blue-shifted band at 2376 cm™! corresponds
to ligands which are directly attached to CO,. This feature arises as a result
of the perturbation caused by the metal ion on the potential well of CO4 (de-
tailed discussion of bonding in M*(CO,),, complexes is provided in Chapter
4). The band at 2397 cm™! is interpreted by Duncan et al. to arise from
CO, ligands attached to an (OVCO)™ “oxide-carbonyl” rearranged core. Lig-
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ands attached to (OVCO)™ core experience greater perturbation and hence

a larger blue-shift from the free CO5 vibrational frequency.

IR Depletion / Arbitrary Units

n=5

2250 2275 2300 2325 2350 2375 2400 2425 2450 2475

Wavenumber / cm™

Figure 3.13: IR-REPD spectra of VT (CO,),, complexes for n=>5, 10 and 12. The spectra

are recorded by monitoring the depletion of the parent ion channel. The vertical dashed

line indicates the energy of the asymmetric stretch in the free CO5 at 2349 cm™1.

The TR-REPD spectrum for VT (CO,)19 shows four bands at 2352, 2358,
2376 and 2401 cm~!. The new band that arises at 2358 cm ™! is assigned to
CO3 molecules in the intermediate coordination sphere between the first and
second coordination sphere. As a result of these rigid coordination spheres,
the vibrations of molecules in the intermediate layer are constrained and
consequently, the ligands experience a moderate blueshift from 2349 cm™1.
Relative to n = 5, the most blueshifted band at 2401 cm™! has become
more pronounced, which signifies an increased number of ligands perturbed

by the (OVCO)* rearranged core. These features are also repeated in the
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IR-REPD spectrum for n = 12. In the case of V*(CO,)2, these absorption
bands appear at 2352, 2361, 2375 and 2401 cm~!. The IR-REPD spectra for
the collated complexes presented here compare very favourably with previous

work of Duncan and co-workers.2"?

3.5.3 Effect of IR Laser Energy on Spectral Linewidth

In order to characterise the effect of laser energy upon the IR-REPD spectra,
a polariser (Thor Labs Nanoparticle linear film polariser; range 1.5 — 5 pm)
is installed in the path of IR light. As shown in Figure 3.14, higher infrared
laser pulse energies lead to more pronounced depletion signals. Absorption
spectra recorded at 2.2 mJ /pulse yield approximately 50% depletion, whereas
spectra at 0.6 mJ /pulse yield less than 20% depletion. Moreover, higher laser
energies promote multiple photon absorption, leading to the loss of several
ligands. This is observed at higher laser energies as shown in Figure 3.14
a) and b). Negative signal observed here corresponds to an enhancement
of VT(COy);5 due to larger complexes (n > 5) depleting into this channel.
The interpretation of spectra at high laser energies is thus considerably more
difficult.

Furthermore, higher IR laser energies also cause power broadening, which
leads to diminishing resolution of spectral features. Two features at ca. 2350
and 2375 cm™! are overlapped in Figure 3.14 a). The two spectral features

are better resolved at pulse energies in Figure 3.14 ¢), d) and e).
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Figure 3.14: IR-REPD spectra for V*(CO3)5 recorded at IR laser energies of a) 2.2, b)
2.0, ¢) 1.7, d) 1.2 and e) 0.6 mJ/pulse. These values correspond to different orientations
of polariser angle used to attenuate the IR light. The polariser angles are 90°, 75°, 60°,
45° and 30°, respectively. Here, the spectra are shown as relative percentage change in
the signal intensity of the parent ion. The ordinate is here labelled in terms of relative
depletion of the parent ion. The vertical dashed line indicates the energy of the asymmetric
stretch in the free CO4 at 2349 cm™!.

A quantitative comparison of laser energy on spectral linewidth is made in

Figure 3.15, where FWHM of each of the two dominant peaks is plotted at
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different energy. It can be deduced that the spectral linewidth is considerably
larger at higher laser energy. The spectral linewidth increases approximately
exponentially with the energy. However, lower laser energy also leads to
reduced signal-to-noise resolution, as it can be seen in Figure 3.14 e) recorded
at 0.6 mJ/pulse. Therefore, a correct balance needs to be reached between
spectral linewidth and signal-to-noise resolution. If one continued to increase
the laser energy, a full saturation of transitions would be achieved and it
would result in a spectral linewidth reaching a plateau. Nevertheless, the
spectral linewidth is still on the rise even at the highest available energy of

2.2 mJ/pulse, with full saturation not yet being achieved at this energy.

—=— Peak at ca. 2350 cm”™”
144 —4— Peak at ca. 2375 cm”™”

FWHM / cm™
[e.]
1

n 1 n 1 n 1 n 1 " 1 " 1 n 1 n 1 n 1 n

04 06 08 10 12 14 16 18 20 22 24

Laser Energy / mJ/pulse

Figure 3.15: Comparison of FWHM linewidth of the two dominant peaks in the IR-
REPD spectra of VT(COs)5 at different laser energies. Both spectral features become

gradually broader upon increasing the energy of IR laser.

Overall, it can be concluded that high laser energies lead to power broadening
and lowering resolution. Suitable laser pulse energies are found to be in the

range of 1.7 — 0.6 mJ/pulse.
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3.5.4 Argon-Tagged V™ (CO,),-Ar Complexes

As mentioned in previous subsections, the binding energy of a COy molecule
to the vanadium cation at 0.75 & 0.04 eV,?™ is not insignificant. A reliance
on the inert messenger technique is thus necessary to record the IR-REPD
spectra of smaller V*(COy),, complexes. The argon-tagged complexes can be
formed by reducing the percentage of CO5 in the argon buffer gas. A mass
spectrum produced with 0.5% of CO5 in argon is shown in Figure 3.16.
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Figure 3.16: Time-of-flight mass spectrum produced by ablation of a vanadium target
in the presence of 0.5% COs in argon buffer gas at 6 bar. The argon-tagged V*(COs),,—
Ar complexes are also produced in addition to neat V*(COsz), complexes at this low

percentage of CO5 in argon.

As observed, only trace amounts of V*(CO;),,-Ar complexes with n > 3 are
produced. It appears that argon atoms behave here like any other ligand

when occupying a binding site around V*. This is consistent with the pre-
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viously observed coordination number of four around a gas-phase vanadium

cation.
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Figure 3.17: IR-REPD spectra for V1 (CO3)3—Ar recorded at a) 2.2, b) 2.0, ¢) 1.7, d)
1.2, and e) 0.6 mJ/pulse. The spectra are shown as the relative percentage change in the

signal intensity of the parent ion.

Typical IR-REPD spectra for V1 (CO,)3—Ar recorded at different laser pulse
energies from 2.2 — 0.6 mJ/pulse are presented in Figure 3.17. All spectra
show two blue-shifted features at ca. 2375 and 2395 cm~!. These peaks have
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been interpreted by Duncan et al. to arise from low-symmetry structure or
from a higher symmetry structure such as Ds, perturbed by argon atom.
Spectra recorded at 2.0 and 2.2 mJ/pulse (Figure 3.17 a) and b)) also show
an additional feature at around 2355 cm~!. One can expect such a feature
to arise from a higher-energy isomer that requires stronger laser fluences in
order to photodissociate. Higher lying isomers may be formed in the source
following ablation and in the case of inefficient cooling, they may survive
long enough to reach the extraction region of the instrument. Additionally,
argon atoms may further perturb the structure of underlying complex and
“lock in” the higher lying isomer in the ablation process. Nevertheless, the
IR-REPD spectrum for V*(COy)3-Ar recorded at 1.2 mJ/pulse as depicted

in Figure 3.17 d) agrees well with previous work by Duncan and co-workers.

At the highest laser energy of 2.2 mJ/pulse, more than 80% depletion is
achieved for V*(COg)3-Ar. This is is significantly more than ca. 50% deple-
tion observed for V1 (COs); at the same laser energy. This is not unexpected
since loss of an argon atom from the complex is envisaged to be more facile
than an equivalent loss of a CO, ligand. Moreover, argon atoms increase the
density of states of the complex, which makes the IVR process even more ef-
ficient. This is then reflected in a high photofragmentation yield, as depicted
in Figure 3.17.

3.6 Conclusions

A new IR-REPD experiment has been developed. A newly-designed laser ab-
lation source can reliably produce a variety of metal ion-molecule complexes,
including Rh*(CO,),, VT (CO,),, VO3 (N,0),, and Au*(CH,), complexes.
The IR-REPD spectra for VT (CO,),, complexes agree very favourably with
previously known literature. Further experiments using the experimental

design described in this chapter are presented in Chapters 4 and 5.
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Chapter 4

Infrared Spectroscopy of
M™(COs);, (M = Co, Rh, Ir)

Complexes

Gas-phase M*(CO;),, (M = Co, Rh, Ir) ion-molecule complexes in the n =
2 — 15 size regime have been investigated both experimentally by IR-REPD
spectroscopy and theoretically using DFT. This work aims to shed a light
on fundamental metal cation — CO4 interactions and lead towards a better
understanding of metal ion solvation in CO,. IR-REPD spectra for each
cluster size are recorded in the region of the CO, asymmetric stretch. Data
interpretation is supported by comparing the experimental IR-REPD spectra
with simulated IR spectra at the DFT level of theory. A blue-shift in the
vibrational frequency of the CO5 asymmetric stretch relative to an isolated
molecule is indicative of a direct attachment of CO, ligands to the metal
ion. This is consistent with the binding of COs to the metal centre being
dominated by a charge-quadrupole interaction. For Co®, Rh™ and Ir*, a
core of [MT(COy)s] is observed, to which successive ligands are bound less

strongly and form outer coordination spheres.

The work discussed here involves the first substantive study with a new IR-
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REPD spectrometer. Much of the results presented in this chapter has been
published as an article by Iskra et al. in The Journal of Physical Chemistry
A.280

4.1 Introduction

4.1.1 Previous Studies of Cationic M*(CO,),, Complexes

Theoretical studies by Bauschlicher et al. at CCSD(T) level of theory have
indicated that the binding of CO, to the metal cation occurs nearly entirely
via a charge-quadrupole interaction through the oxygen atom.™ There is

little evidence of charge transfer between the metal ion and CO4 ligands.

IR-REPD experiments with cationic M (CO,),, complexes were first per-
formed by Duncan and co-workers who studied gas-phase CO, complexes

2817283 and first row transition

with main group metals (Mg", Al™ and Si*)
metals (Fe®, V* and Ni").272273284-287 These experiments, in conjunction
with DFT calculations, allowed for accurate characterisation of geometries
for a particular complex, while the Duncan group was also able to identify the
specific number of ligands directly coordinated around the central ion. Zhou
et al. later studied Ti*(CO,),, complexes®® and Jiang et al. investigated the

complexes of Cut(CO;), and Ag™(CO,), .2

All experimental studies report a systematic blue-shift of the fundamental
transition associated with the asymmetric stretch of ligated COs relative to
that of free CO,. With increasing number of CO, molecules, several vibra-
tional bands are observed including some that appear at or very close to the
vibrational frequency of isolated CO,. These bands indicate the presence of
ligands in secondary solvation sphere or ligands that are more weakly-bound
to the central ion. Comparison of experimental IR-REPD spectra with DFT
simulated IR spectra for low-lying isomers can identify characteristic COq

coordination numbers for a particular metal cation. Previous studies have
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identified a coordination number of four CO, ligands around V* and NiT,
and between 4 and 7 for Fe© 272285287 For Mg®, Al™ and Si™ no definitive
coordination numbers were observed, although a marked increase in the pho-
todissociation yield is observed for n > 3 in AlT(COy),, and Sit(CO,),, clus-
ters.?82:283 Previously determined geometries of small MT(CO;),, complexes
are collated in Table 4.1. For Mg*(COy),, and AlT(COy),, complexes, bent
(s, and trigonal pyramidal Cj5, geometries were confirmed for n = 2 and 3
complexes, respectively, by density functional calculations (B3LYP and BP86

basis sets with augmented TZP basis set).281282

Table 4.1: Comparison of geometries and coordination numbers for M+ (COy),, com-

plexes.272:273,281-287,289
M™ n=2 n=3 Coordination number
Mg  bent trigonal pyramidal unclear
Al bent trigonal pyramidal n >3
Si bent trigonal planar n >3
V  unclear unclear 4
Fe  linear distorted trigonal planar 4-7
Ni  linear unclear 4
Cu - trigonal planar unclear
Ag = trigonal planar unclear

In addition to providing geometrical information, some IR-REPD investiga-
tions also revealed intracluster reactions such as oxide-carbonyl formation, as
observed for Sit(CO,),, Tit(CO,), and Nit(CO;), complexes. 283287288273
In their investigation of Ti™(COy), complexes, Zhou et al. also identified
OTi*CO(COg),,_1 to be present in the molecular beam, which was confirmed
with absorption in the CO region in addition to the region of the CO45 asym-
metric stretch.?®® Moreover, an oxalate-type anion moiety was identified in

large V*(CO;),, complexes.

Armentrout and co-workers have studied the thermochemistry of a variety
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of metal cations, such as Mg, V' Cr", Mo", Fe™ and Pt™, with CO, us-
ing guided ion beam tandem mass spectrometry.5%274:290-293 Fyrom collision-
induced processes, Armentrout and co-workers were able to measure experi-
mentally the binding energies of a CO5 molecule to the aforementioned ions.
The binding energies of CO5 to the metal cations range from 0.51 + 0.07 eV
for Mo™ to 0.77 & 0.08 eV for Fet 291,292

Brucat et al. studied the photodissociation of Cot(COz) monomer in the
visible region.?** By probing the A~X electronic transition in Co™(CO,) and
fitting the spectroscopy constants for the A’ state, Brucat et al. were able
to estimate the Dg(Co™(COz)) to be 0.86 eV. Other systems studied by the
Brucat group include Nit(COs) and V*(CO,) with a measured dissociation
energy for Nit(COg) of 1.08 eV .29%:2%

Of particular relevance to the present study, the Bohme group studied the ki-
netics of gas-phase reactions of CO4 with atomic metal cations using tandem
mass spectrometry. Bohme et al. observed a propensity for CO clustering
with Cot, Rh* and Ir*. Formation of MTCO, is the dominant reaction,
rather than the insertion reaction and formation of MO™ + CO, for all three

metal cations.2?”

A Walsh diagram depicting the molecular orbitals of CO, is shown in Figure
4.1. In a linear geometry, 1m, is the highest occupied molecular orbital
(HOMO). As seen in the Walsh diagram, addition of electrons into the 2m,
lowest unoccupied molecular orbital (LUMO) dramatically bends the angle to
90° (and additionaly splits the degeneracy of the m-orbitals). The bending of
COs is also observed upon complexation of the CO, ligand with metal anions
as demonstrated by the Weber group.2?3% A sufficient degree of covalency
and electron donation into 27, is achieved in the case of M~ (COs),, complexes
that consequently leads to the bending of the COs ligand. In order to form
COg cation, electrons would have to be removed from the 17, orbital with no
change from the linear geometry. Similarly, upon complexation of CO, with

a metal cation the charge-quadrupole interaction is expected as the dominant
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term™ and hence 17, remains the HOMO. Hence the linear geometry of CO,

ligands remains predominantly intact as they interact with a metal cation.
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Figure 4.1: The Walsh digram of COs molecular orbital energies in linear (180°) and
bent (90°) geometries. A qulitative representation of the energy positions of the molecular
orbitals is shown. 17, and 27, correspond to HOMO and LUMO orbitals, respectively.

Reprinted from Ansari, M. B.; Park, S.-E. Energy Environ. Sci., 2012, 5, 9419-9437 with

permission from the Royal Society of Chemistry.30%

4.1.2 Previous Studies of Anionic M~ (CO,),, Complexes

The Weber group has studied anionic M~ (COs),, complexes extensively. In
a sharp contrast to cationic counterparts, IR-REPD investigations of anionic
M~(COy),, clusters (for M = Co, Ni, Cu, Ag, Au, Bi) exhibit a significant
degree of CO, activation consistent with the Walsh diagram.?*73% Red-shifts
in vibrational wavenumber on the order of several hundred cm™! have been
observed. For anionic Co™ (COs,),, clusters, the frequency of the asymmetric
stretch of the directly-bound CO, ligand experiences a red-shift to ca. 1750
ecm~!. In this particular complex, the CO, bond is significantly weakened,

which increases the propensity for bond insertion reactions leading to the
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inserted OCo (CO)(CO,),, complexes.??

4.2 Experimental and Theoretical Methods

The laser ablation/time-of-flight instrument used to perform experiments
presented here has been described in detail in Chapter 3 so only salient
points related to the specific clusters studied are revisited here. Briefly,
the ablation of a disk target (Co(1 mm thick) and Rh (0.5 mm thick, both
Sigma-Aldrich 99.95%); Ir (0.125 mm thick, Goodfellow 99.9%)) produces
the atomic metal cation of interest. Following the ablation, the metal vapour
is entrained in a pulse of argon buffer gas seeded with a low percentage of
CO,. The gas pulse is delivered by a pulsed solenoid valve operated at 6
bar backing pressure. Photodissociation events are induced using a tunable
IR-OPO/OPA (LaserVision) laser pumped by the 1064 nm fundamental of
Nd:YAG laser (Continuum Powerlite II). IR-REPD spectra are recorded in
the region between ca. 2275 — 2450 cm™?. Initial scan would first survey an

1

extended region from ca 2200 cm™! up to 2500 cm™! to ensure all spectral

features are detected.

In the calculations, in addition to manually specifying starting geometries, a
stochastic Kick algorithm by Addicoat and Mehta3"” is employed to generate
a myriad of starting structures. The algorithm allows any number of arbi-
trary molecular fragments and atoms to be randomly placed in a virtual box
of pre-specified dimensions. Batches of jobs are run until no new isomers are
discerned. Initially, the geometry optimisations are run with no symmetry
constraints — this allows for an unbiased and random search of the poten-
tial energy surface. A complementary script is then employed to identify
all successfully terminated processes and to list their cartesian coordinates.
The B3P86 density functional,?® together with Def2TZVP basis set3*® on
all atoms, is used for all calculations. Symmetry constrained geometry op-

timisations are performed following an initial unconstrained optimisation.
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Harmonic vibrational frequencies are then calculated on all unique minima
structures. Calculating vibrational frequencies also ensures that the opti-
mised structures correspond to true minima with zero imaginary vibrational
frequencies. In order to examine the effect of the inert messenger, additional
calculations are performed on all structures of interest including the Ar atom.
Simulated infrared spectra are produced by convoluting calculated infrared
signals with a Lorentzian function with full-width half-maximum (FWHM)
of 4 cm™!. Simulated infrared spectra are scaled by a scaling factor of 0.962
determined by ensuring that the calculated value for the COy asymmetric
stretch (2442 cm™!') matches the experimental value (2349 cm™'). All calcu-

lations are performed using the Gaussian 09 software package."

4.3 Co"(CO,),—Ar Infrared Spectra

As discussed above, the experimentally measured binding energy of CO, to
Co™ at 0.86 eV (6960 cm™!) is rather high. Similarly, the CCSD(T) level
computation of Bauschlicher and co-workers places this value at ca. 0.92 eV
(7450 cm™1).™ Dy(Co™(COy)) is thus considerably larger than the photon
energy around the asymmetric stretch of CO45 and therefore a multiple photon
process is required to photodissociate Co™(COsz). The high binding energy
of CO, ligand to Co' ion hence commands the use of an inert messenger
to record absorption spectra of small Cot(COy), complexes. Even the Ar
binding energy to Co' is not insignificant. Brucat et al. measured the
Co™~Ar binding energy to be 0.51 eV (4111 cm™!),3!% which is nevertheless
lower than Dy(Co*(COg)). Comparable argon binding energies have been

encountered by Duncan et al. in their study of Nit(CO,),, complexes.?7

Figure 4.2 shows a time-of-flight mass spectrum generated by ablating a
cobalt target in the presence of ca. 0.5% of COy in argon buffer gas at 6 bar
backing pressure. For clarity, only Co™(CO,), complexes and their argon

tagged counterparts are labelled.
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Figure 4.2: Time-of-flight mass spectrum obtained by ablation of a cobalt target while
using approximately 0.5% of CO5 in argon at 6 bar backing pressure as the expansion gas
mix. CoT(COs), complexes are still observed as the dominant species in the beam. In
addition to Co™(COz),~Ar and neat Co™(CO3),, complexes, Cot(CO3z)-Arz, Cot(CO2)—
Arz, Co™(CO3),—Ary and CoO1(COy2), (*) are produced, albeit in lower intensities.

Figure 4.3 displays IR-REPD spectra for argon tagged Co™(COs),,~Ar (n =
2 —5) complexes recorded in the region ca. 2275 — 2450 cm™'. The IR-REPD
spectrum for the smallest complexes studied here, Cot(CO)y—Ar, shows a
single intense feature at 2385 cm~!. The vibrational frequency of the ligands
in this complex is blue-shifted by ca. 36 cm™! from the free CO, asymmetric

stretch frequency (2349 cm™1).
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Figure 4.3: IR-REPD spectra for Co™(CO3), (n = 2 — 5) complexes. The spectra are
recorded in the channel corresponding to depletion of the parent ion signal. The vibrational
frequency of the asymmetric stretch (v3) of free COy at 2349 em™! is indicated by the
vertical dashed line. IR-REPD spectrum for the neat Co*(COs)14 cluster is also shown

for juxtaposition.
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4.3.1 DFT Calculations for Co*(CO;);_35 Complexes

The interaction between the metal cation and COy is dominated by the
charge-quadrupole interaction.™ For each CO, ligand, n' complexation through
the O—end of the molecule is preferred. This is consistent with the negative
quadrupole moment for CO, of -3.2 eagy.>'! ' Complexation via the O—end of
COs is favoured since a partial negative charge resides on each oxygen in an
isolated molecule of CO,. This is also reflected in the partial electric charges
in the DFT calculated structure for Co*(CO,),, as presented in Figure 4.4.

A blue-shift in the vibrational frequency of the asymmetric stretch of the CO,
results from the increased repulsion on the inner potential wall of the CO4 due
to the presence of the metal cation.?”® The IR-REPD spectra show little CO,
activation owing to the lack of back—bonding from the electron deficient metal
and a slightly negatively charged oxygen atom. Similar blue-shifts from 2349

cm ™! have hitherto been observed in other MT(COy),, systems.?72273:284-287

0.442 0.647 0.442

*—o—o—90 9o o9

-0.022 -0.243 -0.243 -0.022

Figure 4.4: Partial electric charges derived from Mulliken population analysis for the
optimised geometry of Cot(COs)s calculated at B3P86/DefTZVP level of theory. Colour
scheme: cobalt (dark blue), oxygen (red) and carbon (grey).
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Figure 4.5: In-phase (a)) and out-of-phase (b)) combinations of normal modes shown as
vectors for Co™(COz)s. Only out-of-phase combination is IR-active since in-phase leads

to no change in the electric dipole moment.

For the Co™(COgy), complex, a combination of isolated normal vibrational

modes needs to be considered. Two COs ligands can form either in-phase

1 e=1602x 1071 C,ay=0.529 x 10719 m
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or out-of-phase combinations. However, in the case of a linear D, complex
only the out-of-phase combination would be IR-active; an in-phase combina-
tion leads to no change in the electric dipole moment and is thus [R-inactive
(Figure 4.5). The single band in the IR-REPD spectrum for n = 2 hence
points towards a linear, D, geometry. Such a conclusion is supported by the
global minimum structure from the DF'T calculations as depicted in Figure

4.6 (structure cl).
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Figure 4.6: Experimental IR-REPD spectra for Co™(CO3)a-Ar and Co™(COs3)3-Ar
together with the simulated IR spectra for each considered species (structure cl and c2,
respectively). All calculations are performed at the B3P86/Def2TZVP level of theory.
The vertical dashed line marks the position of the asymmetric stretch v3 in an isolated
COs.

80



Chapter 4: Infrared Spectroscopy of M*(CO,),, (M = Co, Rh, Ir)
Complexes

Moreover, the linear geometry reflects a significant degree of s—d hybridis-
ation which directs electron density away from the CO, ligands. This min-
imises ion-ligand repulsion and promotes binding of CO, molecules on the
opposite ends of the metal cation. A similar argument provided an explana-

tion for a linear structure of the Sr*(CO;), complex predicted by theory.3!?

Structural parameters for the DFT optimised geometry for Co™(COs), and
other structures are shown in Figure 4.7. The angle between the two COq
ligands is calculated to be 180°, as expected for a perfectly linear structure.
The bond distance between Cot and each CO, ligand is 1.95 A.

Figure 4.7: Structural parameters for a) Co™(COz), b) Cot(COz)2 (structure c1) and ¢)
Cot(COy)3 (structure c2) calculated structures. Bond distances are in Angstroms (A) and
bond angles are in degrees (°). All calculations are performed at the B3P86/Def2TZVP
level of theory.

With an increasing number of CO, ligands, an additional vibrational feature
arises in the IR spectra for complexes with n > 3 (see Figure 4.3). This
new feature appears to the red of the original band in n = 2 and gradually
red-shifts with increasing cluster size towards 2349 cm™!. The IR spectrum
for Co™(CO,)3—Ar exhibits two bands at ca. 2385 and 2370 cm~!. For the
Co*(CO,)3 complex, several vibrational modes need to be considered. A
fully symmetric planar Dsj, geometry would yield only one IR-active mode
and would not explain the experimental data. The DFT calculated structure

(Figure 4.7 c), structure c¢2) consists of a near-linear [Co™(COy),] core with a
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third CO; ligand more weakly-bound in a planar fashion. The feature at 2370
cm~! can thus be interpreted as the signature of a more weakly-bound COs.
The feature is still blue-shifted from the free CO, vibrational frequency by
approximately 20 cm™!. The blue-shift is nevertheless less pronounced than

for the “core” ligands whose vibrational frequency is observed at 2385 cm™?.

Table 4.2 collates all theoretical energies for Co™(COs);_3 and Cot(COz)s_3—
Ar. Singlet, triplet and quintet multiplicities were considered. The triplet
multiplicities are consistently the lowest in energy. This is to be expected
as Co™, with a 3d® valance electronic configuration, is triplet itself in the

electronic ground state and interacts with a closed shell CO5 ligand.

Table 4.2: Theoretical energies (with included zero-point energy corrections) for
Cot(CO2)1-3 and Co™(CO3)a_3-Ar calculated at the B3P86/Def2TZVP level of theory.
The AE refers to the relative difference between a particular multiplicity and the global
minimum structure. Global minimum structures have AE = 0. Simulated IR spectra for

Ar-tagged structures c1* and ¢2* are shown in Appendix A.

Species Multiplicity Energy / eV AE / eV  Structure

Co™(COy) triplet -42779.42673 0.0 —
singlet -42777.11093 2.32 —
quintet -42777.09900 2.33 -

Co™(COs)s triplet  -47924.32409 0.0 c1
quintet -47922.79408 1.53 -
singlet -47922.28912 2.03 -

Co™(CO3)z-Ar triplet -62289.26299 - cl*

Co™(COy)3 triplet -53068.74166 0.0 c2
quintet -53067.11920 1.62 —
singlet -53066.89897 1.84 —

Cot(COy)s-Ar  triplet  -67433.66192 o2

The interpretation of a two-ligand core structure is also reinforced by DFT

calculations. Considering the calculated Co*-ligand bond distances (Figure
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4.7 ¢), structure ¢2) reveals a Co™O bond length of 2.01 A for core ligands
and 2.16 A for the third CO, molecule. Moreover, the relative binding ener-
gies reflect this trend with an approximate halving of the Co™(CO,),,_1—COx
binding energy from ca. 0.91 to 0.43 eV between n = 2 and 3 (vide infra Sec-
tion 4.6). It can be thought that two CO4 ligands form the first coordination
sphere and any additional ligand would then reside in the second coordi-
nation sphere. Such a low coordination number is not without precedence.
Both AlT(COs,), and Sit(CO;)3; complexes show an increase in photodisso-
ciation yield for n > 3.28%283 Other transition metal cations however show a
tendency for larger coordination numbers, as in the case of V™ and Ni™ with

n = 4 and Fe+ Wlth n 2 4.272,2857287

4.3.2 IR-REPD Spectra for Multiply Argon-Tagged Com-

plexes

The effect of multiple argon atoms has also been examined. Figure 4.8
shows IR-REPD spectra for singly and doubly argon tagged complexes of
Co™(CO3)y and Co™(COy)3. No new major features are observed in com-
plexes with an additional argon. In the case of Co*(COy)3—Ary the two
strong spectral features are even better resolved. The only noticeable differ-
ence is an additional small shoulder feature to the blue of the two main bands
that could arise as a result of an additional argon. Overall, this comparison
signifies that argon binds in a manner which does not significantly perturb

the underlying parent complex nor change the positions of the bands.

83



Chapter 4: Infrared Spectroscopy of M*(CO,),, (M = Co, Rh, Ir)
Complexes

IR Depletion / Arbitrary Units

1
1
1
1
1
1
1
!
1
1
1
!
|
1
!
1
1
1
1
1
1
1
1
i
1
1
1
1
1
1
1
1
1
!
1
1
1
1
y
1
1
1
1
!
1
1
1
1
1
1
!
|

. A P R R N R
2250 2275 2300 2325 2350 2375 2400 2425 2450 2475

Wavenumber / cm’™

Figure 4.8: The IR-REPD spectra for Cot(COs3)a—Ar;_» and Co™(COg)3-Ar;_» com-
plexes. The vertical dashes line indicates the energy of the asymmetric stretch in an

isolated molecule of COs.

4.3.3 Trends for Larger Co"(CO,), Complexes

Figure 4.3 also shows the IR spectrum for the “untagged” Co*(COs)14 com-
plex to illustrate a typical spectrum for the larger clusters. The spectrum
shows a broad feature around the energy of the CO,; asymmetric stretch
and a strongly blue-shifted core band. The rather broad spectral feature

1

around 2349 cm™" might indicate a structure with unresolved multiple co-

ordination shells. The core band is further blue-shifted than in any of the
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smaller complexes - this may reflect further rigidity in larger coordination
shells. Intermediate coordination shells have in the past been observed in

the case of Fe™, Ni" and V' complexes with CO,.272:285,287
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Figure 4.9: Experimentally recorded peak positions presented as a function of cluster size
for Co™(COz),, complexes between n = 2 — 15. The square markers correspond to argon-
tagged complexes whereas triangles correspond to neat Cot(COs),, complexes. The error
bars correspond to the full-width-half-maximum of a fitted Gaussian used to identify the
exact centre of each peak. The horizontal dashed line indicates the vibrational frequency

of the asymmetric stretch of an isolated CO5 at 2349 cm™!.

Figure 4.9 shows a summary of vibrational bands observed for different clus-
ter sizes (experimental spectra for the remaining complexes are displayed in
Appendix A). The more blue-shifted feature corresponding to the [Co™ (COs)s]
core continues to blue-shift with increasing cluster size. More ligands in outer
coordination spheres, coinciding with an increase in rigidity, continue to exalt

an additional perturbation on the core ligands and push core ligand vibra-
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tional frequency further to the blue. For the largest complexes studied here,
n = 15, the band appears to be close to reaching a plateau around 2395
cm™!. The second band, conversely, depicts a continuous red-shift towards
the wavenumber of free CO,. This energy is finally reached around n = 9 or
10. For some other metals, such as V or Ni, the change between coordina-
tion spheres is more pronounced.?>?87 Here, however, the change is gradual.
Although the n = 3 complex already sets the direction of change, the exact

free CO4 frequency is only reached at n = 9 or 10.

4.4 Rh"(CO,),—Ar Infrared Spectra

|re ‘ | ‘ ‘ | | ‘ Rh*(CO,),-Ar

- T T T [ ] recoym,

5
| | | | RN(CO,)A,

Rh*™-Ar
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Figure 4.10: Time-of-flight mass spectrum generated by ablation of a rhodium tar-
get. 1% COs in argon at 6 bar backing pressure is used as the buffer gas. Rh*(CO,),

and Rh*(COs),~Ar complexes are the dominant complexes observed. Small amounts of
RhO™(CO3),, (*) complexes are also observed.
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Complexes produced upon the ablation of a rhodium target in the presence
of 1% CO, in argon at 6 bar backing pressure are shown in Figure 4.10.
Although Rh*(CO,),, complexes are the dominant species produced, a con-

siderable amount of their argon tagged counterparts are formed also.

n=14
(untagged)

R

IR Depletion / Arbitrary Units

3
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Figure 4.11: IR-REPD spectra for the Rh*(CO3),,~Ar complexes (n = 2 - 5). The
spectra are recorded in the channel corresponding to the depletion of the parent ion signal.
A typical example of a large untagged complex, Rh™(CO3)14, is shown. The vertical
dashed line signifies the asymmetric stretch (v3) of isolated CO5 at 2349 cm™!.
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Experimentally recorded IR-REPD for the Rh*(CO3),~Ar complexes are
shown in Figure 4.11. Contrary to the Co™(COz)s—Ar IR spectrum, the
smallest complexes considered here, Rh*(CO3)y—Ar, shows a strong peak
at 2373 cm~! and an additional spectral feature at 2401 cm~!. These fea-
tures are blue-shifted by 24 and 52 cm™!, respectively, from the isolated CO,
asymmetric stretch (2349 cm™!). These spectral features are consistent with
a strongly bent non-linear structure, where both in-phase and out-of-phase

combinations of the CO9 normal modes are IR-active.

4.4.1 DFT Calculations for Rh*(CO,),_3 Complexes

However, DFT calculations predict a near-linear, C5, structure as the puta-
tive global minimum (structure rl, Figure 4.12), which is inconsistent with
the experimental observations since structure rl predicts only a single IR
band in the region examined. One would, therefore, expect at least one
other higher lying isomer to be present that would give rise to the two fea-

tures observed experimentally.

A low-lying isomer with Cy, symmetry was identified (structure r2). This
strongly bent isomer, ca. 0.20 eV above the global minimum, has an O,C—
Rh™-CO, bond angle of 109.3°. The simulated spectrum for structure r2
agrees reasonably well with the experimental data as shown in Figure 4.12.
Including an argon atom in the calculations does not significantly affect the
relative energies nor the simulated spectra of the two isomers. Singlet and
quintet multiplicities were explored to find a suitable isomer that may ex-
plain the experimental observations but triplets are consistently the lowest

in energy (vide infra - Table 4.3).
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Figure 4.12: Experimental IR-REPD spectra for Rh*(CO3)2-Ar and Rh*(CO3)3-Ar
together with the simulated IR spectra for each considered species (structures rl and r2 for
n = 2 and structure r3 for n = 3). All calculations are performed at the B3P86/Def2TZVP
level of theory. Colour scheme: rhodium(blue-green), oxygen(red) and carbon(grey). The

vertical dashed line marks the position of the asymmetric stretch v3 in an isolated COs.

The linear geometry is not a true minimum; constraining Rh*(COs)s to a
linear D, geometry yields a structure with four imaginary frequencies. Sim-
ilar bent geometries as structure r2 have been observed experimentally in the
case of Mg*(COy)y and AlT(CO5)9281:282 and rationalised for Mgt (CO,), at
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CASSCF level of theory.?'? The origins of non-linearity in metal — ligand
dimers (MLy) have been discussed extensively in the literature, particularly
in the light of hybridisation of the metal ion and pseudo—Jahn—Teller distor-
tion. Hybridisation can lead to prominent polarisation of the metal ion upon
binding of the first ligand. This leads to a preference for off-axis binding of

the second ligand.3!2:313

Examining the polarisabilities for the metal ions studied in this work reveals
that Rh™ at o = 34.4 a is calculated to be rather more polarisable than
Co™ at a = 20.6 aj.3!'* The higher intrinsic polarisability of a rhodium cation
would then support a bent geometry for Rh™(COy),. Partial electric charges
on each atom were explored yet they do not account for the non-linearity
of Rh*(CO3)2. A bent structure for Rh*(CO;)y yields both in-phase com-
binations and out-of-phase combinations of normal modes to be IR-active
which rationalises the two features observed experimentally for n = 2. The
main feature in the IR-REPD spectrum for Rh*(CO3), corresponds to the
out-of-phase combination, whereas the shoulder peak is due to the in-phase

combination of normal modes.

a) b)

7 N - N

Figure 4.13: In-phase(a)) and out-of-phase(b)) combinations of normal modes shown for
structure r2. Here both combinations of normal modes lead to a change in the electric

dipole moment and are therefore both IR-active.

The IR-REPD spectrum for Rh(COy)3-Ar shows three well resolved fea-
tures. The two most blue-shifted features at ca. 2399 and 2378 cm ™! corre-
spond to the same two features observed for the n = 2 complex. An additional
feature, closer the asymmetric stretch of free CO,, appears at 2364 cm™!.
Similarly to the Co™(CO,)3 ion, the least blue-shifted feature is expected to

arise from a weakly-bound COs to the [Rh™(COgy)s] core. Such geometry is
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further supported by the density functional calculations (structure r3, Fig-
ure 4.12). The simulated IR spectrum for r3 depicts three bands (at different
relative intensities than the experimental data nonetheless). Comparing the
Rh™-OCO bond distances reveals a noticeably longer bond length for the
more weakly-bound ligand at 2.35 A relative to bond distances of ca. 2.20 A
for the core ligands. Structural parameters for all considered structures are

shown in Figure 4.14.

Figure 4.14: Structural parameters for a) Rh™(COz), b) Rh™(CO3)y (structure rl), c)
Rh*(COg2)z (structure r2) and d) Rh*(COg)3 (structure r3) calculated structures. Bond
distances are in Angstroms (A) and bond angles are in degrees (°). All calculations are
performed at the B3P86/Def2TZVP level of theory.

Table 4.3 lists the energies of all considered structures. Structures for singlet,
triplet and quintet multiplicities were calculated. Triplet multiplicities, just

as for equivalent cobalt structures, are the lowest in energy.
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Table 4.3:
Rh*(CO3);_3 and RhT(COg3)s_3-Ar calculated at the B3P86/Def2TZVP level of theory.

The AE refers to the relative difference between a particular complex and the putative

Theoretical energies (with included zero-point energy corrections) for

global minimum structure. Global minimum structures have AE = 0.

Species Multiplicity Energy / eV AE / eV  Structure

Rh*(CO,) triplet  -8154.550585 0 -
singlet -8153.007132 1.54 -

quintet -8152.19352 2.36 -

Rh*(CO3), triplet -13299.32945 0 rl
triplet -13299.12978 0.20 r2

singlet -13298.24992 1.08 -

quintet -13296.64062 2.69 -

Rh*(COs)o-Ar  triplet  -27664.20063 0 r1*
triplet -27664.0644 0.14 r2*

Rh*(CO3)3 triplet -18443.66879 0 r3
singlet -18442.66099 1.01 -

quintet -18440.92746 2.74 —

Rh*(CO,)5-Ar  triplet  -32808.52121 - r3*

4.4.2 IR-REPD Spectra for Multiply Argon-Tagged Com-

plexes

Singly and doubly argon tagged complexes of Rh*(CO3), and Rh*(CO,)3 are
presented in Figure 4.15. The additional argon atom leads to no additional
spectral features. Addition of a second argon atom induces a modest red-

shift relative to the singly Ar-tagged structures, which is most noticeable for
Rh+<COQ)Q*AI‘2.
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Figure 4.15: IR-REPD spectra for singly and doubly argon-tagged species of Rh*(CO»)s
and Rh*(COz2)3. The vertical dashed line indicates the position of the asymmetric stretch
in free CO5 at 2349 cm™!.

4.4.3 Trends for Larger Rh*(CO;), Complexes

As seen in Figure 4.16, with an increasing number of ligands the feature
resulting from the more weakly-bound CO, molecules shifts further to the
red towards 2349 cm™!. For n = 3 this feature appears at 2364 cm™!, for n
=4 at 2358 cm™!, for n = 5 at 2353 cm ™! and for n = 14 at 2352 cm™!. This
signifies that each additional surface ligand experiences progressively weaker

perturbation.
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Figure 4.16 presents all peak positions for the complexes studied here. With
an increasing number of ligands, the surface band becomes broader. A similar
argument as for cobalt can be made. In very large complexes, the ligands
will occupy different surface positions and thus the ligands would experience

a range of perturbations.
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Figure 4.16: Experimentally recorded peak positions presented as a function of cluster
size for Rh™(CO;),, complexes between n = 2 — 15. The square markers correspond to
argon-tagged complexes whereas triangles mark neat Rh™(COz),, complexes. The uncer-
tainties are derived from the full-width-half-maximum of a fitted Gaussian used to identify

the exact centre of each peak. The horizontal dashed line dashed line marks the energy of

the asymmetric stretch (v3) of isolated CO5 at 2349 cm™1!.

Beyond n = 6, the most blue-shifted feature corresponding to the in-phase
combination of normal modes in Rh*(COs),, complexes becomes too faint to
be observed. The loss of intensity in this band might arise from the change in

a geometry of the complex. The core may become increasingly linear in larger
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complexes, which would make this particular mode IR-inactive. Overall, the
spectra for larger clusters of n > 7 can be understood to consist of a single
core vibrational (at ca. 2385 cm™!) and a second more intense but largely
unresolved band close to the energy of the free CO, asymmetric stretch.
The latter broad feature reflects numerous ligands in the outer coordination

sphere.

4.5 Irt(CO,),—Ar Infrared Spectra
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Figure 4.17: Time-of-flight mass spectrum produced by ablation of an iridium target in
the presence of 1% CO5 in argon at 6 bar stagnant pressure as the expansion gas. Inset:
Complexes produced using 7.5% COs in argon as the expansion gas. Complexes around

the two iridium isotopologues (19'Ir and !?3Ir) are clearly resolved.
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Figure 4.17 displays the Ar-tagged and neat Irt(CO,), complexes formed
upon the ablation of an iridium target. 1% COs and 7.5% CO, in argon
at 6 bar backing pressure are used to form At-tagged and neat complexes,

respectively.

n=14
(untagged)
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Figure 4.18: IR-REPD spectra for Ir™ (COg2)2_5-Ar recorded between ca. 2275 and 2450
cm~!. For comparison, the spectrum for Ir*(CO3)14 (untagged complex) is included. The
spectra are recorded in the channel corresponding of the depletion of the parent ion. The
vibrational frequency of the asymmetric stretch in free CO5 at 2349 cm ™! is indicated by

the vertical dashed line.
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IR-REPD spectra for a particular complex are recorded by gating over com-
plexes of both iridium isotopologues (!*'Ir and !'%*Ir). Experimental IR-
REPD spectra for the Ir*(COs)s_5—Ar complexes are shown in Figure 4.18.
Examination of the spectra for the smallest complex studied here, n = 2,
reveals a strong feature at 2367 cm ™! and an additional broad shoulder that
extends to ca. 2400 cm™!. The spectrum for n = 2 exhibiting a strong main
peak and a weaker shoulder peak to the blue, shows a considerable degree of
similarity with the spectrum of Rh*(COsy)s. Considering only experimental

data one would anticipate a bent non-linear structure for Ir™ (COy)o—Ar.

4.5.1 DFT Calculations for Ir*(COs),_3 Complexes

Compellingly, DFT geometry optimisations predict a Cy, structure as the
putative global minimum structure (Figure 4.19, structure il) for Irt(CO,),.
On the other hand, a Cy, isomer (structure i2) some 0.78 eV above structure
il has been identified. The higher-lying isomer provides a better agreement
with the experimental data as seen in Figure 4.19. A linear structure is
not a minimum — a D,y constrained optimisation yields a structure with
four imaginary frequencies. The effect of an argon atom tag on the spectra
gives further insight. Here argon does perturb the relative energetics of the
complexes noticeably. Attaching an argon atom to the Ir™(COg), complex
changes the relative energetic order of the identified geometries. The Cy, iso-

mer of Ir™(COs3)o—Ar is now calculated to be the global minimum (structure
12%).
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Figure 4.19: The not-so-inert messenger: Comparison of the IR-REPD spectra for
Irt(CO2)o—Ar with DFT candidate structures (i1, i2, il* and i2*) calculated at the
B3P86/Def2TZVP level of theory. Both untagged and Ar-tagged calculated structures
are considered. The relative energy differences are calculated with respect to the puta-
tive global minimum structures for both, the untagged and Ar-tagged complexes. Colour
scheme: iridium (navy blue), oxygen (red) and carbon (grey). The vertical dashed line

marks the position of the asymmetric stretch v3 in an isolated COs.

Examining polarisabilities for the three metal ions studied here reveals ad-

ditional insight into structures of small complexes. The polarisability of the
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Ir* ion at a = 27.9 a} lies between that of Co™ and Rh*.3* A bent isomer,
albeit not a global minimum structure, is identified for Ir*(CO3)2, whereas
Co™(COy)3 is linear.

Figure 4.20: Structural parameters for all considered structures of a) Ir*(COz), b)
Ir(CO2)2 (structure i1), ¢) Ir™(COs)s (structure i2), d) Ir™(COs2)3 (structure i3) and e)
IrT (CO2)3 (structure i4). All calculations are performed at the B3P86/Def2TZVP level
of theory.

Other multiplicities have also been considered in the quest to rationalise
the experimental data, however triplet multiplicities have been found to be
the lowest in energy for calculated structures as shown in Table 4.4. While
this is not unsurprising for Cot and Rh™, which both have d® 3F ground
terms, it is perhaps unexpected for Ir* given its 5d76s! °F ground term.
Similar switching of the relative energetic ordering has been reported in the
literature. Armentrout et al. observed switching of quartet and sextet states
for Fe™ upon complexation with CO, in their study of sequential binding
energies in Fe™(CO,), complexes.??? For Ir", a d® lower spin configuration

provides a more symmetric structure in which hybridisation of the metal ion
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may be induced upon approach of COs ligands.

Table 4.4: Theoretical energies (with included zero-point energy corrections) for
Ir*(CO2)1_3 and Irt(COy)a_3-Ar calculated at the B3P86/Def2TZVP level of theory.
The AE refers to the relative difference between a particular complex and the global
minimum structure. Global minimum structures have AE = 0. In the case of triplet mul-
tiplicities for n = 3 complex (including the Ar-tagged structures), the energy difference

between two isomers is 0 to two significant figures.

Species Multiplicity ~ Energy / eV~ AE / eV  Structure

Ir™(COy) triplet -7983.563745 0 -
quintet -7983.080689 0.48 -
singlet -7981.831974 1.73 -

I+ (COy)s triplet  -13128.81827 0 i1
triplet -13128.04117 0.78 12
singlet -13127.59865 1.22 -
quintet -13127.43988 1.38 -

Ir*(COg)o—Ar triplet -27492.71887 0.91 ir*
triplet -27493.63273 0 2%

Ir(CO2)3 triplet -18272.7958 0 i3

triplet -18272.79295 0.00 i4

singlet -18272.592686 0.20 -

quintet -18271.75867 1.04 -
Irt(COg)3—Ar triplet -32637.83313 0 i4*

triplet -32637.83145 0.00 i3*

The IR-REPD spectrum for Ir*(COg)3—Ar in Figure 4.21 shows three well-
resolved bands with one feature at 2350 cm™!. This is virtually at the fre-
quency of an asymmetric stretch in a free CO, molecule. Such vibrational
frequency would point towards an extremely weakly-bound and thus rather
unperturbed CO, ligand residing in the secondary coordination sphere. DFT
calculations also point towards this interpretation. The putative global mini-

mum geometry (structure i3) predicts a non-linear Ir™(CO,), core with IO
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bond lengths of 2.07 A and with the third ligand 2.57 A away from the Ir™.

i3* i

AE =0.00 eV oo o@
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Figure 4.21: Comparison of the IR-REPD spectra for Ir™(COz)3—Ar with DFT candi-
date structures (i3, i4, i4* and i3*) calculated at the B3P86/Def2TZVP level of theory.
Both neat and Ar-tagged calculated structures are considered. The relative energy dif-
ferences are calculated with respect to the putative global minimum structures for both
the untagged and Ar-tagged complexes. The two isomers are energetically indistinguish-
able (even after the addition of an argon atom). For both Ir™ (CO2)3—Ar DFT calculated
isomeric structures, the three CO4 molecules lie all virtually in the same plane with the
argon atom perpendicular to that plane. The vertical dashed line marks the position of

the asymmetric stretch v in an isolated COs.
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A competing, almost isoenergetic structure (i4) shows a similar trend with
significantly shorter bond distances for the two core molecules (ca. 2.07
A versus 2.48 A) Additionally, Ar-tagged counterparts for n = 3 geome-
tries have been considered, which yielded structures i3* and i4*. These two
structures are essentially isoenergetic. The Ar-tagged calculated structures
predict no additional features in the IR spectrum. DFT simulated IR spectra

for all identified structures compare well with the experimental data.

4.5.2 TIR-REPD Spectra for Multiply Argon-Tagged Com-

plexes

Figure 4.22 shows IR-REPD spectra for singly and doubly Ar-tagged com-
plexes of Ir*(CO3)2 and Ir™ (CO4)3. The binding of an additional argon atom
does not appear to introduce any additional feature into the spectra recorded
with only a single Ar-tag. Nor does an additional argon atom change the

positions of the bands observed in the IR-REPD spectra.
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Figure 4.22: IR-REPD spectra for singly and doubly Ar-tagged complexes of Ir*(COs)
and IrT(COz)3. The dashed vertical line indicates the energy of the asymmetric stretch
in free CO5 at 2349 cm™~1!.

4.5.3 Trends for Larger Ir"(CO;), Complexes

Figure 4.23 shows peak positions plotted versus cluster size for Ir*(COs),.
Relative to Co™(COy),, and Rh*(CO,),, complexes, the changes upon com-
plexation with additional ligands are more noticeable for Ir*. Contrary to
the Cot and Rh™ based complexes, the energy of the peak corresponding to
the in-phase combination of the asymmetric stretch for core COs ligands (at
ca 2365 cm™! for n = 3) initially red-shifts upon sequential addition of two

CO, molecules. This feature appears at 2357 cm ™! for n = 4 and at 2353
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cm~! for n = 5. Tracing the movement of these features reveals a continu-

ous blue-shift from n = 6 onwards and steadily plateaus with an increasing

number of ligands. This feature can be found at approximately 2365 cm ™!

for n = 15.
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Figure 4.23: Peak positions plotted versus cluster size for Irt (COs),,. The square mark-
ers correspond to argon-tagged complexes whereas triangles correspond to neat Irt(CO»),,
complexes. The error bars correspond to the full-width-half-maximum of a fitted Gaussian

used to identify the exact centre of each peak. The horizontal dashed line indicates the

vibrational frequency of the asymmetric stretch of an isolated CO, at 2349 cm ™.

The feature corresponding to the out-of-phase combination of the asymmetric
stretch of the two core ligands follows a similar trajectory reaching 2384 cm ™!
for n = 15. It is worth noting that for n = 5, 6 and 7 the features due to
out-of-phase combinations of core ligands and that of surface ligands overlap
to the point where they become unresolved. Peak positions are then only

found by fitting a Gaussian function, which is in itself a convolution of two
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separate Gaussian functions. As anticipated, the features corresponding to
the surface ligands experience minimal interaction with the central ion. These
features remain around the energy of the asymmetric stretch of CO5 even in

the largest complexes studied here.

4.6 Trends and Comparisons for CO, Com-
plexes of Group 9 Metal Cations

The spectra of Co™(CO,), is anomalous in exhibiting only a single feature
in its IR-REPD spectrum. This is, nevertheless, consistent with the high
order Do, symmetry for the Cot(COs)y complex. For Rh™ and Ir™ based
complexes, an additional shoulder peak is observed in the case of n = 2
complexes. A bent structure for Rh™(COg)s and Irt(CO;), renders the in-
phase combination of COy normal modes IR-active. On the other hand,
in the case of a linear structure for Co™(CO3)q, the in-phase combination

remains IR-inactive.

An additional feature corresponding to the non-core ligands appears at n =
3 for complexes with all three group 9 metal cations. The surface bands for
Co" and Rh™ complexes exhibit a progressive red shift towards the energy
of the asymmetric stretch in free CO5 molecule (2349 cm™!). Ligands with
a frequency of free CO, vibrational frequency are identified at around n =
9 for Co" and at n = 5 for Rh*. For Ir" complexes the change between
the core and outer coordination sphere is, however, more striking — a band
around 2349 cm™! is already observed for the n = 3 complex. Comparing
with complexes of the Co™ and Rh* ion, Ir" (COy),, complexes exhibit a more
pronounced size-dependence. In the case of all three metal ions, the features
corresponding to the core ligands continue to blue-shift without reaching a

plateau even in the largest complexes studied here (n = 15).

Calculations performed at the DFT level of theory provide additional evi-
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dence pointing towards the [M*(CO3)s] core structure to which additional
CO4 molecules bind more weakly. Trends in the binding energies for suc-
cessive COy ligands, displayed in Figure 4.24 as a function of cluster size,
support this interpretation. The binding energies of a CO, ligand in a par-
ticular complex are calculated by considering the total energy of an optimised
complex of size n versus the energy of an (n - 1) complex and an isolated
CO5 molecule (i.e. M*T(CO,),, = MT(COs),,_1 + COy).

1.6

1.4 4 —-Co'(CO,),
] —@—Rh'(CO,),
1.2 —A—Ir'(CO,),

1.0 H

0.8 @—

0.6

0.4 1

Binding Energy (eV)

0.2 1

0.0 +

-0.2 , , ; .
1 2 3
Number of CO, Molecules

Figure 4.24: Binding energies of successive CO, ligands to M (CO,),, complexes cal-
culated at the B3P86/Def2TZVP level of theory. The energies include zero-point energy
corrections. The binding energies for each complex are calculated by considering the en-
ergy difference between the putative global minimum structure of the parent cluster and

the products resulting from a loss of a CO4 ligand.

The binding of the third CO, molecule is significantly weaker than that
for the first two ligands. The most pronounced change in binding energy

is observed in the case of Ir*(COy)3 with a binding energy computed to be

106



Chapter 4: Infrared Spectroscopy of M*(CO,),, (M = Co, Rh, Ir)
Complexes

close to zero. This is, nevertheless, consistent with a rather large Ir*~O bond
distance for the third CO, and the observation of a feature at virtually free
CO, vibrational frequency in the IR-REPD spectrum for Irt(CO,)s.

4.7 Conclusions

IR-REPD spectra for the smaller complexes are acquired by employing an
argon atom as the inert messenger. A combination of IR-REPD spectroscopy
and DFT calculations reveals a common [MT(COs),] core for the complexes
of Co™, Rh" and Ir". Additional ligands experience less perturbation as
evident in the reduced blue-shift for the surface ligands. Only in the case of
Irt (CO3)s does the addition of an Ar-tag perturb the system and significantly
change the relative energetic order of the two lowest identified structures.
For Irt(CO;),, complexes the transition to second coordination sphere is the
most pronounced, whereas the complexes of Cot and Rh™ ions exhibit a
more gradual transition. A linear structure is identified for Co™(CO3)s, but
propensity towards a non-linear structure is observed for Rh*(CO,), and
Ir"(CO3)2. This is consistent with trends in polarisabilities for the group 9

metal cations.
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NbOj (COy),, and TaO3 (COy),, complexes are investigated in the region of
the asymmetric stretch of COq, where the IR-REPD spectra for small com-
plexes are recorded via the means of argon tagging. Ligands directly attached
to the central ion experience a blue-shift from the vibrational frequency of
free CO, consistent with O-end coordination of ligands. IR-REPD investi-
gation of NbOF (CO,),, and TaO3 (CO;), complexes reveals, in both cases,
a strongly bound core of four CO, ligands around NbO; and TaOj ions, as
indicative from vibrational resonances observed at the energy close to that
of free COy at n > 5. Conclusions drawn from the experimental IR-REPD
spectra are reinforced by the DFT calculations, which reveal a significant
increase in the intermolecular bond distances and low binding energies for
the ligands in the second coordination sphere. A remarkable similarity is

observed among the equivalent complexes of the NbO3 and TaOj ions in
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stark contrast with well-studied V*(COy),, complexes.

5.1 Introduction

As discussed in Section 1.3 of the Introduction, Bohme et al. studied the
reactivity of various metal cations with CO5.” For Nb* and Ta*, O-atom
transfer was observed as the dominant reaction pathway. This is explained
on the grounds of large O-atom affinity of 7.13 & 0.11 eV for Nb™ and
8.15 + 0.65 eV for Ta™ that compensates for the cleavage of the O-CO
bond.31%:316 Reaction efficiency for O-abstraction by Nb™ and Ta™ ions are
25% and 36%, respectively. For both ions, the O-atom abstraction is strongly
exothermic. O-atom abstraction and formation of MO™ is a spin-forbidden
process for both Nb* and Ta™. Alas, the exact potential energy surfaces and
coupling between different states are not known and continue to represent a
challenge for computational chemistry. Furthermore, Bohme et al. observed
CO; clustering around NbOj and TaOj ions, which led to the formation
of larger NbO3 (CO3)¢_3 and TaOj (CO3)¢_4 complexes. Clustering around
NbO; and TaOj is also an exothermic process for which Bohme and co-

workers determined a negative standard energy of reaction (AG® < 0).

Reactions of Nb™ and Ta™ with O, in solid argon matrices were studied by
Zhou and Andrews.?!” Laser ablated metal species were co-deposited with
O3 in a solid argon matrix at 10 K. Using F'T-IR spectroscopy, the authors
were able to identify the formation of NbO, NbOy, TaO and TaO, in all
three charge states. Both Nb* and Ta™ ions are quintets in their electronic
ground states. However, DFT calculations at the BP86/D95* level of theory
by Zhou and Andrews identified the triplet as the ground states for NbO™
and TaO™. Ground states of NbOj and TaOj were both determined to be

singlets.

Wesendrup and Schwarz studied the reaction of Ta™ cation with CO5 using

the Fourier Transform Ion Cyclotron Resonance (FT-ICR) mass spectrom-
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etry.3® As shown in Figure 5.1, TaOJ ions were formed in a reaction of
laser ablated Ta™ with CO, in FT-ICR cell. The dominant reaction product,

TaO3, is formed by sequential oxygen abstraction:

Ta* + CO, — TaO" + CO, (5.1)

Tao+ + COQ — TaO; + CO. (52)

others ions

o Id

2 4 6
tls] —

Figure 5.1: Plot of ion intensity versus resident time in the FT-ICR cell displays the
temporal evolution of ions. Reaction of COy with Ta™ leads to the formation of TaO3
as the dominant product. Figure reproduced from Wesendrup, R.; Schwarz, H. Angew.
Chem. Inter. Ed., 1995, 34, 2033-2035 with permission from Wiley & Sons Inc.3!®

Interestingly, Wesendrup and Schwarz also discovered that Ta™ can assist in
the coupling of CO, and CH, to form a ketene. Reaction of Ta®™ with CH,
leads to direct dehydrogenation of methane. Thus formed TaHj sequentially
abstracts oxygen atom from two CO; molecules while forming CoH,O. The

following reaction scheme was proposed:

Ta™ + CH, — TaCH," + H,, (5.3)
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TaCH2+ + COQ — TaOCH2+ + CO, (54)

TaOCH," 4+ CO, — TaO," + C,H,0. (5.5)

The only known IR-REPD investigation of CO, solvation around a metal
dioxide ion is the study of NiO5 (COs),, complexes by the Duncan group.?®
NiOj core was formed by seeding low percentage of Oy to the buffer gas in ad-
dition to CO,. The authors observed photodissociation of NiOj (CO,),, com-
plexes only by loss of CO, ligands, which signified a strongly-bonded covalent
dioxide for NiOj. The photodissociation of NiO3 (CO,),, complexes termi-
nates at n = 2, which indicates a strongly-bound core of the NiOj (COg),
ion. Furthermore, the complexes also display a notable increase in the pho-
todissociation efficiency at n = 3. If oxygen occupies a ligand space then
the coordination number in the inner sphere is in fact four. This is con-
sistent with the work on Ni*(COy),, complexes by the same authors, which
revealed four CO, ligands in the first coordination sphere.?%:287 The spec-
trum for NiO7 (COy)3 shows three strong features, including a feature close to
2349 cm™! signifying a weakly-bound COj; ligand. The authors assigned the
remaining two blue-shifted features to the in-phase and out-of-phase combi-
nations of two CO, ligands directly attached to NiOJ ion. Theory predicts a
cyclic structure for NiO3 3 which could allow bonding of two CO, ligands
either in the same plane or perpendicular to the plane defined by the NiOJ
ion (giving Cy, symmetry). Lastly, the larger blue-shift observed for NiOJ -

based complexes also signifies a stronger interaction relative to the complexes

containing only Ni™.
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5.2 Experimental Methods

The experimental setup used to study the infrared spectroscopy of TaO3 (COy),,
and NbOJ (CO,),, complexes has been extensively discussed in previous chap-
ters so only a brief description will be provided here. Tantalum and niobium
atomic cations are produced by laser ablation of tantalum (Sigma Aldrich,
1 mm thickness, 99.9% purity) and niobium (Sigma Aldrich, 0.25 mm thick-
ness, 99.8% purity) disk targets, respectively. A focused second harmonic of a
Nd:YAG laser (532 nm) is used for ablation. TaO3 (COy),, and NbO3 (COy),,
complexes are formed by seeding a small percentage of CO, in argon backing
gas. The complexes are photodissociated using tunable IR-OPO/OPA laser

and detected in a time-of-flight mass spectrometer.

All DFT calculations are performed at the B3P86/Def2TZVP level of the-
ory. Starting structures are generated both manually and using the Kick
algorithm of Addicoat and Metha.?*” Simulated infrared spectra are pro-
duced by convoluting calculated infrared signals with a Lorentzian function
with FWHM of 4 cm™! and scaled by a scaling factor of 0.962 (see Section
4.2).

5.3 Time-of-Flight Mass Spectra

A time-of-flight mass spectrum produced upon ablation of a niobium target
using 1% CO; in argon is shown in Figure 5.2. NbOj (CO;), and their

argon-tagged counterparts are the most abundant complexes.
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Figure 5.2: Time-of-flight mass spectrum generated by ablation of a niobium target
in the presence of 1% COy in argon at 6 bar backing pressure as the expansion gas.
NbO3 (CO3),, complexes and their argon-tagged counterparts dominate the mass spec-
trum. NbO+(COz),, complexes are also detected. The asterisk * indicates a notable series

that remains unassigned.

The time-of-flight mass spectrum generated upon ablation of tantalum disk
in presence of 1% CO, in argon from 6 bar static pressure is shown in Figure
5.3. Similarly as for the ablation of a niobium target, the time-of-flight
mass spectrum is dominated by TaO3 (COs),, complexes and its argon-tagged
counterparts. Only trace amounts of TaO*(CO,),, complexes are produced.
No Ta*(COs;),, complexes were observed, even at higher concentrations of

COg in the expansion gas.

Additionally, significant amounts of metal-free gaseous (CO,);"" are produced
upon ablation of tantalum target. Conversely, no (CO;); complexes are

formed when ablating niobium target. These gaseous-only complexes were
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previously observed when ablating a vanadium target in the presence of N,O
in argon gas mix; (N2O);" complexes, in this case, as discussed in Section
3.4.2. The ablation process also generates free electrons, which can in turn
ionise CO,. The formation of the (CO3)™ ion serves as a nucleation site to
which other CO, can attach. This would not be a too dissimilar method for
production of (CO;);" complexes as that reported by Inokuchi et al., who
inject neat CO4 gas into the source chamber where they cross the molecular

beam with an electron beam.3?°
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Figure 5.3: Time-of-flight mass spectrum produced by ablation of a tantalum target.
1% COq in argon at 6 bar backing pressure is used as the expansion gas. TaO3 (CO3),,
complexes are the dominant species produced. Argon-tagged complexes with up to four

argon atoms are produced.

The observed MO3 (COs),, complexes in the respective time-of-flight mass
spectra for M = Nb and Ta are markedly different from the comparable dis-

tribution of species formed upon ablation of a vanadium target in presence of
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CO,/Ar expansion gas, as previous work by Duncan et al.>” and experiments
presented in Section 3.5 of this thesis demonstrate, where V*(CO,), com-
plexes dominate the mass spectrum. No M*(CO,),, complexes were observed
for M = Nb and Ta. However, formation of MO3 (CO,),, complexes is con-
sistent with kinetics measurements by Bohme et al. and mass-spectroscopic
work by Schwarz et al. (for Ta™), who observed that Nb* and Ta't re-
act with CO, molecules by O-atom transfer, forming NbOJ and TaOj, re-
spectively. 318 Exothermic clustering of COy around NbOJ and TaOF was
also observed by the Bohme group. While the reaction efficiencies for O-
abstraction by Nb and Ta ions are 25% and 36%, respectively, the comparable
value of 0.06% for V is markedly lower.

O-atom abstraction is exothermic for all group 5 cations: V', Nbt and
Ta®™. ' However, Bohme et al. attributed low reaction efficiency for the
reaction involving VT to the absence of available surfaces to form ground state
VO™ (X3X) from VT (X°D) in a spin-forbidden process.?” The Armentrout
group nevetheless observed the formation of VO via O-atom transfer to V*
in their collision induced experiment even at centre-of-mass collision energies
close to zero.?™ The authors assigned the formation of VOT from the VT
ground state even though they leave open to speculation that VO' may

result from excited state V* or by reaction with Oy contaminant.

Upon ablation of a vanadium target in the presence of COy/Ar, we observed
the formation of VO (COy), complexes, albeit in lower abundances than
the VT (CO3),, (vide Section 3.5.2). VO*(CO,),, complexes may result from
the vanadium oxide layer formed on the top of the target (as exploited in
the formation of neutral VO molecules, see Chapter 6). No VO3 dominated
complexes were ever observed in our experiment, nor by the Bohme group.
However, Armentrout et al. observed the formation of VO3 from the reaction

of VT and CO; but only at high centre-of-mass collision energies of ca. 9

I Oxygen affinities are: 5.85 + 0.15 eV, 7.13 & 0.11 eV, 8.15 £ 0.65 eV for V*, Nb+
and Ta™, respectively.31%316:321 The corresponding oxygen affinity to CO (i.e. OA(CO))
is 5.52 eV.316
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eV.2™ The measured oxygen atom affinity for OV-O of 3.6 £ 0.40 eV by
Armentrout et al. makes the abstraction of second oxygen atom endothermic.
Conversely, the abstraction of the second O-atom is exothermic for both Nb*
and Ta*, ' which governs the formation of NbOj and TaOj as exhibited in

Figure 5.2 and Figure 5.3.

Lastly, comparison of the equivalent niobium and tantalum time-of-flight
mass spectra also reveals that only trace amounts of TaO™(COy),, complexes
are produced, whereas NbO*(CO,),, are noticeably more abundant. This is
consistent with comparatively higher O-affinity for Tat and TaO* and with
the formation of the MOj ion being the fastest for the Ta™ ion as the kinetics

experiments by Bohme et al. demonstrate.

5.4 DFT Calculations: NbOJ and TaOJ Ions

Nb* and Ta™ ions themself are quintets in their ground electronic state.??3

Table 5.1 lists the calculated energy ordering for electronic states of NbO™,
NbOj3, TaO™ and TaO3. The calculations reveal a triplet ground state for
MO and singlet for MO3 for M = Nb and Ta. For both metal ions, the
triplet and quintet states for the MOJ ion are significantly higher in energy
(2.31 eV and 5.78 eV for NbOj , and 1.60 eV and 5.27 eV for MOJ ). Triplet
and singlet ground states were previously reported by Zhou and Andrews for
MO* and MO3 where M = Nb and Ta, respectively.3!”

i O-MOT oxygen affinities are 5.72 eV and 6.07 eV for NbO+ and TaO¥, respec-

tively.322
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Table 5.1: Theoretical energies for NbO+, NbO3, TaO* and TaOj calculated at the
B3P86/Def2TZVP level of theory. The electronic energies for Nb™ and Ta™ are quoted
from the NIST Atomic Spectral Database.??3 Contrary to the metal ion, in their ground
states, MOt and MOJ are triplets and singlets for M = Nb and Ta, respectively.

Species  Multiplicity AE / eV Species Multiplicity AE /eV

Nb*  quintet (°D) 0.0 Tat™  quintet (°D) 0
triplet (*P) 0.72 triplet (*P) 0.46
singlet (D) 1.46 singlet (D) 1.33

NbO™* triplet 0.0 TaOt triplet 0
singlet 0.85 singlet 0.98
quintet 15.32 quintet 3.48

NbOF singlet 0.0 TaOy singlet 0
triplet 2.31 triplet 1.60
quintet 5.78 quintet 5.27

Figure 5.4 displays structural parameters for NbO*, NbO3 , TaO™ and TaO3
in their ground electronic states. NbOJ and TaOj3 ions are of Cy, symmetry
and all multiplicities give a structure with “dissociated” Os. lons with an

intact oxygen molecule (MTO-0) do not converge to a minimum.

Figure 5.4: Structural parameters for optimised structures for the ground state multi-
plicities of a) NbO™ (triplet), b) NbOJ (singlet), ¢) TaO™T (triplet) and d) TaOJ (singlet).
All calculations are performed at the B3P86/Def2TZVP level of theory and provide a basis

for the calculation of complex structures to follow.
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5.5 IR-REPD Spectra for NbO; (CO,), and
TaO; (CO,),

Figure 5.5 displays the experimental IR-REPD spectra for MO3 (COy),, com-
plexes, where M = Nb and Ta. For the n = 1 complex, the IR-REPD
spectrum is recorded by considering the doubly argon-tagged NbO3 (CO,)-
Ary complex. Here we were unable to record an IR-REPD spectrum for a
singly argon-tagged NbOF (COy)-Ar. Instead, it was possible to record an
IR-REPD spectrum for doubly argon tagged NbO3 (CO3)—Ary complex with
an adequate signal-to-noise as shown in Figure 5.5. It appears that two argon
atoms sufficiently increase the density of states for this particular complex
and consequently an increased IVR rate allows the IR-REPD spectrum to be
recorded experimentally. Additionally, the binding of the second argon atom

might be significantly weaker.

Figure 5.5 also shows IR-REPD spectra for TaO3 (COs);_¢—Ar and TaO5 (CO,);
recorded in the channels corresponding to the depletion of the parent ion.
Here we were able to obtain the experimental IR spectrum for the smallest
cluster n = 1, albeit with a poorer signal-to-noise ratio than other com-
parable spectra. This is not unusual - TaO3 (COy);—Ar has a rather low
fragmentation yield as it contains only one CO, available for IR absorption.
Additionally, the IVR process is expected to be rather slow here - stemming

from the low density of states available.?%

As seen from Figure 5.5, there is a stark similarity between the complexes of
the NbOJ and TaOj ions. For all complexes, a blue-shift in the vibrational
frequencies relative to that of a free CO5 indicates an O-end binding of intact
COq ligands to the central ion. For both ions, a feature close to the frequency
of free CO4 becomes apparent from n = 5 onwards. This feature is indicative
of a weakly-bound molecule not directly attached to the MOJ ion for M =
Nb and Ta.
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Figure 5.5: Left: IR-REPD spectra for argon-tagged NbO3 (CO3),,. Right: IR-REPD
spectra for TaO3 (CO2);_g—Ar and TaOF (COs)7 complexes. In all instances the IR-REPD
spectra are recorded in the channel corresponding to the depletion of the parent ion. The

vertical dashed line marks the position of the asymmetric stretch v3 in an isolated COs.

5.6 Simulated IR Spectra for NbOJ (CO,),

5.6.1 Structural Parameters and Theoretical Energies

Table 5.2 lists the theoretical energies for all calculated structures. Singlet,
triplet and quartet multiplicities were considered for n = 1, 2 and 3. Singlet
multiplicities are consistently found to be the lowest in energy. Figure 5.6

displays structural parameters for all assigned structures.
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Table 5.2: Theoretical energies for NbOZ (CO,), complexes calculated at the
B3P86/Def2TZVP level of theory. The energies are inclusive of zero-point energy cor-
rections. The AE refers to the relative energy difference to the global minimum structure
for each complex size. For NbO3 (COs);_3, singlet, triplet and quintet multiplicities are

considered. In all instances, the global minima structures are of singlet multiplicities.

Species Multiplicity Energy / eV AE / eV  Structure

NbO3 (CO2) singlet -10799.83011 0 nl
triplet -10797.39483 2.44 -

quintet -10793.97496 5.86 -

NbO3 (COg)-Ar singlet -25165.04869 — nl*
NbOF (CO2)-Ary singlet -39529.93571 - nl**
NbO3 (CO2)s singlet -15945.01979 0 n2
triplet -15942.2309 2.88 -

quintet -15938.31039 6.71 -

NbOJ (COg)oAr singlet -30309.86143 0 n2*
NbO3 (CO2)3 singlet -21089.58285 0 n3
singlet -21088.89418 0.69 n4

triplet -21087.38134 2.20 -

quintet -21083.49917 6.08 -

NbO3 (COg)3-Ar singlet -35454.33442 0 n3*
NbO3 (COz)3-Ar singlet -35453.68869 0.65 n4*
NbO3 (CO2)4 singlet -26233.90905 0 nd
singlet -26233.6949 0.21 n6

singlet -26233.47855 0.43 n7

singlet -26230.16875 3.74 n8

NbO3 (CO2)s5 singlet -31378.01330 0 n9
singlet -31378.01155 0.00 nl0

singlet -31377.88365 0.13 nll

singlet -31373.29089 4.72 nl2

NbO3 (CO2)s singlet -36522.11528 0 nl3
singlet -36522.11321 0.00 nl4

singlet -36521.991 0.12 nlb

singlet -36517.03238 5.08 nl6

NbO3 (CO2)7 singlet -41666.20232 0 nl7
singlet -41666.2014 0.00 nl8

singlet -41661.13103 5.07 nl9
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Figure 5.6: Structural parameters for the global minimum structures: a) NbO3 (CO5)
(structure nl), b) NbO3F (COz)y (structure n2), c¢) NbOJ (COs)3 (structure n3), d)
NbO3 (COg)4 (structure n5), e) NbOF (COgq)s (structure n9), f) NbOF (COz)g (structure
n13) and g) NbOJ (COy)7 (structure nl17). Bond distances (black) are in Angstroms
(A) and bond angles (blue) are in degrees (°). All calculations are performed at the
B3P86/Def2TZVP level of theory. Colour scheme: niobium (light green), oxygen (red)

and carbon (grey).
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Figure 5.7: Experimental IR-REPD spectrum for NbOF (CO3)-Ary together with the
simulated IR spectra for neat (nl), singly and doubly argon-tagged structures (nl* and
nl** respectively). All calculations are performed at the B3P86/Def2TZVP level of

theory. The vertical dashed line marks the position of the asymmetric stretch v3 in an
isolated COs.

A comparison between the experimental and DFT simulated IR spectrum
for NbO3 (CO3)—Ar, is shown in Figure 5.7. A single strong feature centred
at ca. 2386 cm™! is observed. This feature is blue-shifted by 37 cm™! from
the asymmetric stretching frequency of free CO,, which is consistent with an
intact COy bound to the NbO3 ion as also confirmed by the DFT calculated
structure, nl. The IR spectra for both singly and doubly argon-tagged calcu-
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lated structures (n1* and n1**, respectively) show no discernible difference
from the neat complex (nl). Only a modest relative red-shift is observed
for the doubly argon-tagged structure, n1**. Examination of intermolecular
bond distances (Figure 5.6, nl) reveals that the NbOJ ion geometry remains

virtually unperturbed upon complexation.

5.6.3 NbO;(COQ)Q—AI'
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Figure 5.8: Experimental IR-REPD spectrum for NbOF (CO5)2-Ar together with the
simulated IR spectra for both the neat structure (n2) and its argon tagged counterpart
(n2*). All calculations are performed at the B3P86/Def2TZVP level of theory. The

vertical dashed line marks the position of the asymmetric stretch v3 in an isolated COs.

Similarly, the IR-REPD spectrum for NbO3 (COs)y—Ar exhibits only a sin-
gle blue-shifted feature centred at 2380 cm™! (Figure 5.8). We previously
observed a single feature for Cot(CO,),, which is of Dy, symmetry. Here,

DFT calculations predict a bent Cy, geometry with CO, molecules attached
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on the opposite sides of the NbOJ ion. As seen in Figure 5.6 (structure n2),
the angle defined by C—O-Nb™ is 152.8°, which is consistent with rather large
polarisability of Nb™ (a = 55.3 a3).3'* Due to bending of each CO; ligand by
130.9° from the OCO-Nb*T-OCO axis, only the out-of-phase combination of
the normal modes for the two CO, ligands leads to a change in the electric
dipole moment. Even though the overall structure is bent, only a single fea-
ture is thus expected in the IR spectrum (as also observed experimentally).
The geometry of structure n2 also indicates a non-covalently bound complex
consistent with charge-quadrupole interaction between CO, and Nb™, since
steric repulsion would direct the ligands away from two oxygen atoms. Bent
structures were similarly observed for Rh*(COgz)s and Ir™(CO;)s complexes

as discussed in Chapter 4.

The IR-REPD spectrum for NbO3 (CO,)3—Ar shown in Figure 5.9 depicts a

1 and a blue-shifted shoulder peak at

strong feature centred at ca. 2373 cm™
2393 cm~!. The DFT simulated IR spectrum agrees well with the experi-
mental data. The “third” CO, is attached to the moiety identified for the
n = 2 complex as revealed by comparing the intermolecular bond distances:
2.24 A versus 2.37 A for the third ligand (structure n3). The main spectral
feature is a superposition of vibrations corresponding to: i) the asymmetric
stretch centred on the third ligand, and ii) the out-of-phase combination of
the asymmetric stretches of the two inner CO5 molecules. The shoulder peak
corresponds to the in-phase combination of the normal modes predominantly
centred on the two inner CO, molecules. A higher lying isomer containing
a “CO3” moiety and ca. 0.69 eV above the global minimum structure is
also identified (n4). This isomer is expected to absorb at ca. 1900 cm™t. We
looked in this spectral region but were unable to find any photofragmentation
evidence that would support the presence of isomer n4 and its higher order

derivatives in the molecular beam. Calculations involving an argon atom
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reveal no additional features nor significant changes in the peak positions.

n4* R 9 AE = 0.65 eV

RS

NbO3(CO,),-Ar

2250 2275 2300 2325 2350 2375 2400 2425 2450 2475

Wavenumber / cm”

Figure 5.9: Experimental IR-REPD spectrum for NbOJ (CO3)3—Ar together with the
simulated IR spectra for both, the neat structures (n3 and n4) and their argon-tagged
counterparts (n3* and n4*). All calculations are performed at the B3P86/Def2TZVP
level of theory. The vertical dashed line marks the position of the asymmetric stretch vg

in an isolated COs.
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5.6.5 NbO;(COQ)Zl—AI‘

The calculated global minimum structure (n5) for NbO3 (CO,), consists of
two “inner” COs and two “outer” CO, ligands with the corresponding bond

distances of 2.25 A and 2.48 A, respectively (see Figure 5.6 d)).

n8 ¥ AE = 3.74 eV

NbO}(CO,),-Ar

2250 2275 2300 2325 2350 2375 2400 2425 2450 2475

Wavenumber / cm’™

Figure 5.10: Experimental IR-REPD spectrum for NbO3 (COg),—Ar together with the
simulated IR spectra for all candidate structures. All calculations are performed at the
B3P86/Def2TZVP level of theory. The vertical dashed line marks the position of the

asymmetric stretch v3 in an isolated COs.
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The experimental IR-REPD spectrum for NbO3 (CO;), consists of three well-
resolved features at 2366 cm™!, 2373 cm™! and 2394 cm™!, as exhibited in
Figure 5.10. This is reproduced well by the DFT simulated IR spectrum
for structure n5, albeit with relatively weaker intensity for the most blue-
shifted feature, which arises from in-phase combination of the asymmetric
stretches of the two inner-most COy molecules. The feature at ca. 2366

1

cm ™ is predicted to be a superposition of peaks due to both out-of-phase

and in-phase combinations of the asymmetric stretches of the two outer COq

1'is due to the out-of-phase

molecules. The remaining feature at 2373 cm™
combination of the asymmetric stretching modes of the two inner-most CO,
ligands. A higher-lying isomer (0.21 eV above global minimum) consisting of
a n = 3 moiety and a more weakly-bound CO, was also identified (n6). This
structure provides somewhat poorer agreement with the experimental data
in terms of the relative band intensities. Nevertheless, its contribution to the
overall IR spectrum cannot be completely disregarded. We see no evidence

for isomer n7 being present in the molecular beam.

Interestingly, a structure with an oxalate C5;04 moiety laying 3.74 eV above
the global minimum is also identified (structure n8). While this moiety has
in the past been observed in large (n > 7) complexes of V*(COy),, by Duncan
et al.,>** we see no evidence for this isomer in other spectral regions (ca. 1900
cm ™) where the oxalate stretches are expected to occur. This isomer is also
significantly higher in energy and as such, would be unlikely to form in the

ablation source and be sufficiently long-lived to be probed experimentally.
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5.6.6 NbO;(COz)5—AI‘

AE=4.72¢eV

AE=0.13eV

AE =0.00 eV

NbO}(CO,).-Ar

2250 2275 2300 2325 2350 2375 2400 2425 2450 2475

Wavenumber / cm’™

Figure 5.11: Experimental IR-REPD spectrum for NbO3 (CO3)5—Ar together with the
simulated IR spectra for all candidate structures. All calculations are performed at the
B3P86/Def2TZVP level of theory. The vertical dashed line marks the position of the

asymmetric stretch v3 in an isolated COs.

In the IR-REPD spectrum for NbO3 (CO,)5—Ar presented in Figure 5.11, a
shoulder peak at 2357 cm™!, close to the energy of free CO,, first appears.

This suggest a weakly-bound, almost non-perturbed ligand residing in the
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second coordination sphere. The remaining three features are observed at
2365 cm !, 2377 em ! and 2393 cm~!. The DFT calculations suggest a core
of the NbO3 (COg)4 ion and a more weakly-bound “fifth” ligand (structure
n9).

The n = 4 core itself is comprised of two pairs of two most inner and outer
ligands with similar structural parameters, as in the NbO3 (CO,)4 complex.
The intermolecular bond distance for the fifth ligand is then at 3.54 A signif-
icantly longer than the comparable distances for the core ligands. An isoen-
ergetic isomer n10 — with better resolved shoulder peak in the corresponding
simulated IR spectrum — is also likely to be present in the molecular beam.
Isomers nl11 and n12 are unlikely to be contributing to the experimental IR

spectrum.

5.6.7 NbOJ(CO,)s—Ar

The features for the n = 6 complex are observed at ca. 2353 cm™!, 2363
em ™! 2380 em ™! and 2397 em™! (Figure 5.12). The DFT-predicted global
minimum structure consists of a core of four ligands with two additional
weakly-perturbed ligands residing in the second coordination sphere (Figure
5.6, structure nl13). Intermolecular bond distances confirm this: between
2.22 A and 2.50 A for the core ligands, and 3.59 A and 4.05 A for the second

coordination sphere ligands (see Figure 5.6 f)).

An isoenergetic isomer, n14, is likely to be a competing structure as it involves
only a repositioning of the second coordination sphere ligands. These struc-
tures may be sufficiently floppy to undergo rapid isomerisation. Ligands in
the second coordination sphere are expected to be sufficiently weakly-bound
with a low barrier for interconversion between different isomers (with no
changes in the n = 4 core structure). The higher-lying isomers n15 and n16

are unlikely to be present in the molecular beam.
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AE =5.08 eV

NbO}(CO,),-Ar
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Figure 5.12: Experimental IR-REPD spectra for NbO3 (CO3)s—Ar together with the
simulated IR spectra for all candidate structures. All calculations are performed at the
B3P86/Def2TZVP level of theory. The vertical dashed line marks the position of the

asymmetric stretch v3 in an isolated COs.

5.6.8 NbO;(C02)7—AI‘

The IR-REPD spectrum for the n = 7 complex (Figure 5.13) is very sim-

ilar to the spectra for n = 5 and 6. Four bands are observed at ca. 2353
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em~!, 2363 cm ™!, 2381 cm ! and 2398 cm!. The DFT calculations predict
[NbO3 (CO4)4] core and 3 weakly-bound ligands in the second coordination
sphere. Again, the intermolecular bond distances at 3.59 A, 3.95 A and 4.13
A are notably longer for the second coordination sphere ligands (see Figure
5.6 g)). An isoenergetic isomer, nl8; is also likely to contribute to the ob-
served structure. We are unable to find a converged structure containing
the “CO3” moiety. Isomer n19 is not expected to contribute to the overall

structure.

n19 /f AE =5.07 eV

n18 *ff AE =0.00 eV

NbO3(CO,),-Ar

| L | L | PR | | | L | L |
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Wavenumber / cm™

Figure 5.13: Experimental IR-REPD spectrum for NbO;‘ (CO2)7—Ar together with the
simulated IR spectra for all candidate structures. All calculations are performed at the
B3P86/Def2TZVP level of theory. The vertical dashed line marks the position of the

asymmetric stretch v3 in an isolated COs.
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5.7 Simulated IR Spectra for TaO; (CO,),

5.7.1 Structural Parameters and Theoretical Energies

Table 5.3: Theoretical energies for TaOgf (COg), complexes calculated at the
B3P86/Def2TZVP level of theory. The energies include zero point energy corrections.

Species Multiplicity ~Energy / eV~ AE / eV  Structure

TaO3 (CO») singlet -10800.68513 0 t1
triplet -10798.64967 2.04 -

quintet  -10794.97441 5.71 -

TaOF (COz)-Ar singlet -25166.0323 — t1*
TaOF (COy), singlet -15946.07616 0 t2
triplet -15943.36322 2.71 -

quintet  -15940.45406 5.62 -

TaO3 (CO2)a—Ar singlet -30310.96188 - t2*
TaOF (CO2)3 singlet -21090.71375 0 t3
singlet -21090.35197 0.36 t4

triplet -21088.22681 2.49 -

quintet  -21084.05341 6.65 -

TaOF (COg)3-Ar singlet -35455.42452 0 t3*
TaOF (CO2)3-Ar singlet -35455.0954 0.33 t4*
TaOF (CO2)4 singlet -26235.06603 0 t5
singlet -26234.98773 0.08 t6

singlet -26234.83294 0.23 t7

singlet -26230.16857 4.90 t8

TaOF (CO2)s singlet -31379.42593 0 t9
singlet -31379.17997 0.25 t10

singlet -31379.17397 0.25 t11

singlet -31374.49728 4.93 t12

TaO3 (CO2)6 singlet -36523.52051 0 t13
singlet -36523.29095 0.23 t14

singlet -36523.29006 0.23 t15

singlet -36518.24252 5.28 t16

TaOF (COy)7 singlet -41667.62758 0 t17
singlet -41667.30651 0.32 t18

singlet -41662.35269 5.27 t19
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a) 1 214 e) t10

Figure 5.14: Structural parameters for the assigned structures: a) TaOF (COgz) (struc-
ture t1), b) TaO3 (CO2)y (structure t2), ¢) TaO3 (CO2)3 (structure t3), d) TaO3F (COs)4
(structure t5), e) TaOF (COz)s (structure t10), f) TaO3 (CO2)s (structure t14) and g)
TaO3 (COy)7 (structure t18). Bond distances (black) are in Angstroms (A) and bond
angles (blue) are in degrees (°). All calculations are performed at the B3P86/Def2TZVP

level of theory. Colour scheme: tantalum (light green), oxygen (red) and carbon (grey).

Table 5.3 lists the theoretical energies for all TaO3 (CO,),, calculated struc-
tures. Singlet, triplet and quintet multiplicities were considered for n = 1,
2 and 3. Similarly to the equivalent niobium complexes, the singlet multi-

plicities are consistently found to be the in lowest energy for TaO3 (COy),
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complexes. Figure 5.14 displays structural parameters for all assigned struc-
tures that are thought to be the dominant contributors to each respective

experimental IR spectrum.

5.7.2 TaOj(CO,)-Ar

TaO}(CO,)-Ar
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Figure 5.15: Comparison of the experimental IR-REPD spectrum for TaOJ (COg)-Ar
with the simulated spectra for both the neat (structure t1), and argon-tagged complex
(t1%*). All calculation are performed at the B3P86/Def2TZVP level of theory. The vertical

dashed line marks the position of the asymmetric stretch v3 in an isolated COs.

In the experimental IR spectrum for n = 1, a single strong feature centred
at ca. 2387 cm™! is observed (Figure 5.15). This feature is blue-shifted
from the free CO, frequency by 38 cm™!, which indicates a significantly-
perturbed COy molecule directly attached to the metal oxide ion. COs is
attached via the O-end to the previously identified TaOj3 ion. The simulated

IR spectrum for structure t1 gives a single strong feature consistent with the
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experimental IR-REPD spectrum. No additional features are observed when
an argon atom is included (structure t1*). Similar to the equivalent NbO;
ion structure, it appears that CO, attaches to a virtually unperturbed TaO3
ion without disturbing the singlet multiplicity or the underlying geometry of
the metal oxide ion, as evident from the structural parameters exhibited in
Figure 5.14 a).

5.7.3 TaO;(COQ)g—Ar

t2* o
L L ! L ! L L
t2

TaO}(CO,),-Ar
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Figure 5.16: Experimental IR-REPD spectrum for TaO3 (COs)2-Ar together with the
simulated IR spectra for both neat structure (t2) and its argon tagged counterpart (struc-
ture t2*). All calculations are performed at the B3P86/Def2TZVP level of theory. The

vertical dashed line marks the position of the asymmetric stretch v3 in an isolated COs.

The experimental IR-REPD spectrum for TaO3 (COg)s-Ar gives a single

1

strong feature centred at 2382 cm™, as shown in Figure 5.16 indicating

a structure of high symmetry. This feature is blue-shifted by 33 cm~! from
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the asymmetric stretching frequency of free CO,. The calculated global mini-
mum structure is of Cs, geometry with two CO, molecules bound on opposite
ends the TaO3 ion (Figure 5.16 and 5.14, structure t2). This structure ex-
hibits an obvious resemblance to the equivalent niobium structure. The angle
defined by C—O-Ta™ is found to be 147.2 ° for both ligands. Again, just as
in the case of Nb*, Rh* and Ir", the obtuse nature of this angle is expected

to occur due to the rather large polarisability of o = 42.0 a3 for Ta™.3™

The effect of an argon tag was also considered but there is no evidence in
the experimental spectrum for the simulated additional small shoulder peak
(Figure 5.16, structure t2*). In fact, argon may be sufficiently weakly-bound
to be delocalised around the complex instead of occupying a specific site,
as previously observed by Fielicke and co-workers in their calculations on

Au;Kr clusters.??®

5.7.4 TaO%L(COQ)g—AI‘

With obvious similarity to the NbOj (COg)s-Ar ion, the IR spectrum for
TaO3 (COy)s-Ar consists of a strong feature centred at ca. 2371 cm™!, along

with a noticeable shoulder peak at 2391 cm™!.

This is reproduced in the
simulated IR spectrum for the global minimum structure of C5, symme-
try (Figure 5.17, structure t3), albeit with a slightly lower relative intensity
for the shoulder band. This geometry is comprised of an additional, slightly
more weakly-bound “third” ligand added to the previously determined struc-
ture for n = 2. The t3 structure is strongly reminiscent of the equivalent
niobium structure (n3). In the simulated spectrum, the strong feature is a
superposition of normal modes corresponding to: i) the asymmetric stretch
predominantly centred on the third ligand, and ii) the out-of-phase combina-
tion of the asymmetric stretches of two inner COs ligands. The shoulder peak
is then due to the in-phase combination of all three ligands. Intermolecular
bond distances reveal a longer bond for the third ligand (2.35 A versus 2.22

A), as displayed in Figure 5.14 c).
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t4* f/ AE = 0.33 eV
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Figure 5.17: Experimental IR-REPD spectrum for TaO3 (CO)3-Ar together with the
simulated IR spectra for both neat structures (t3 and t4) and their argon tagged counter-
parts (structures t3* and t4*). All calculations are performed at the B3P86/Def2TZVP
level of theory. The vertical dashed line marks the position of the asymmetric stretch vg

in an isolated COs.

A low-lying isomer (Figure 5.17, t4), 0.36 eV above the global minimum, is
also found for the n = 3 complex. Here, a bent CO, ligand is observed to
interact via a carbon atom with one of the oxygens of the TaO5 ion. This

structure is also predicted to have an additional feature (i.e. an activated C—
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O stretch) at ca. 1897 cm~!. This “CO3” moiety is also encountered in larger
complexes up to n = 7. However, after extensive experimental screening in
the region around 1750 — 2100 cm™!, no evidence of this isomer’s presence
in the molecular beam was found. The absence of any evidence for this
structure is intriguing. While this moiety is an excited isomer for n = 3
and 4, it becomes a putative global minimum in larger complexes unlike for
NbOj (COy),, complexes, where isomers with all intact CO5 ligands are found

to be global minimum structures.

There might be a kinetic barrier to formation of isomer t4 in the condi-
tions that exist in the ablation block, or this particular isomer might have an
anomalously low photofragmentation yield. Furthermore, structures contain-
ing the “CO3” moiety provide somewhat worse agreement with the experi-
mental IR spectra for larger complexes (vide infra - Figure 5.18, 5.19 and 5.20
for n =4 — 7). The relative energetic order is also unchanged when repeating
the calculations using the B3LYP and TPSS density functionals.?%32¢ Higher
order derivatives of structure t4 might also be unfavourable to form as they
first require the formation of t4 isomer, which itself is not a global minimum
structure. With available results, we can nevertheless unequivocally support
the presence of structure t3 and its higher order derivatives (t6, t10, t14,
t19).

5.7.5 TaO;(C02)4—Ar

In the IR-REPD spectrum for TaOj3 (CO,)4—Ar, three well-resolved features
are observed at ca. 2360, 2371 and 2387 cm™! (Figure 5.18). The calculated
global minimum structure is of Cs, symmetry (structure t5) with three pre-
dicted features which compare well with the experimental IR-REPD spec-
trum. This structure is formed by binding two additional ligands to the
structure identified for the n = 2 complex (Figure 5.18, structure t2). In-
termolecular bond distances confirm this: 2.47 A versus 2.22 A for the inner
two CO, (Figure 5.14 d)). The TaO3 (CO,)4 complex is thus formed of two
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“inner” CO, and two slightly more “outer” COs ligands.

t8 } AE = 4.90 eV

Ta0}(CO,),-Ar
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Wavenumber / cm”

Figure 5.18: Experimental IR-REPD spectrum for TaO3 (COs)4—Ar together with the
simulated IR spectra for all candidate structures. All calculations are performed at the
B3P86/Def2TZVP level of theory. The vertical dashed line marks the position of the

asymmetric stretch v3 in an isolated COs.

DFT calculations characterised the three spectral features as (in the order
of ascending energy): i) superposition of peaks due to out-of-phase and in-

phase combinations of the asymmetric stretches of the “outer” two ligands,
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ii) a feature corresponding to the out-of-phase combination of the asymmetric
stretches of the two inner COj ligands, and iii) a feature corresponding to the
in-phase combination of the two inner COy ligands. Equivalent vibrational

modes were also observed for NbO3 (COy),.

A higher-lying isomer with a “CO3” moiety provides a poorer agreement
with the experimental data. Additionally, a higher-lying isomer (structure
t7) consists of a significantly more weakly-bound CO; ligand attached to
the TaO3 (CO3)3 complex. This structure (t7) may be contributing in some

capacity to the overall IR spectrum.

Similarly with an equivalent niobium complex, no evidence for isomer t8
was found in the spectral region around ca. 1900 cm~!. Furthermore, t8 is
4.90 eV above the global minimum structure so it is unlikely to be produced
in the ablation block and survive sufficiently long to be probed by the IR-
OPO/OPA laser.

5.7.6 T&O;(COQ)g)—AI‘

Similarly to the n = 4 complex, the IR-REPD spectrum for TaO3 (COy)5—Ar
(Figure 5.19) exhibits features at 2360 cm™*', 2376 cm ™" and 2394 cm™*, and
an additional shoulder peak at ca. 2351 cm™!, which is virtually at the vibra-
tional frequency of free CO,. This latter peak is indicative of ligands which
are not directly attached to the metal ion, as confirmed by the assigned struc-
tures of t10 and t11 (contrary to the equivalent niobium complexes, structure
t10 is not the global minimum). Examination of intermolecular bonds reveals
a [TaO3 (COy)4) core structure with a significantly more weakly-bound “fifth”
COq ligand. The intermolecular distance for the fifth ligand to TaO3 is 3.73
A. This is markedly longer than the comparable bond distances of 2.23 A —
2.47 A for the core ligands. A slight deviation of the underlying n = 4 core

structure is expected due to presence of the fifth ligand.
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Figure 5.19: Experimental IR-REPD spectrum for TaO3 (CO)5-Ar together with the
simulated IR spectra for all candidate structures. All calculations are performed at the
B3P86/Def2TZVP level of theory. The vertical dashed line marks the position of the

asymmetric stretch vz in an isolated COs.

The simulated IR spectrum is thus composed of the previously identified
spectrum for the n = 4 core and an additional COy with an asymmetric
stretching frequency close to 2349 cm™'. The n = 4 core is itself composed

of two sets of two COy molecules (i.e. inner and outer core). One could
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thus describe the fifth ligand as residing in the second coordination sphere.
Isomers t10 and t11 are de facto isoenergetic and are likely to be present in

the molecular beam in comparable abundances.

Isomer t9 (a putative global minimum) gives a poorer agreement with the
experimental IR-REPD spectrum and it does not predict the loosely-bound
COq ligand observed experimentally. Again, isomer t12 containing an oxalate-

type moiety is too high in energy to be present in the molecular beam.

5.7.7 TaO;L(COg)G—Ar

The experimental IR-REPD spectrum and the corresponding DF'T simulated
spectra for TaOy3 (COy)g—Ar are shown in Figure 5.20. The spectral features
are observed at 2353 cm ™!, 2363 cm ™!, 2377 cm ™! and 2395 cm~!. Again, we
are unable to detect the contribution of the structure containing the “COg3”
moiety (structure t13) to experimental spectrum. Instead, structure t14,
0.23 eV above the putative global minimum, provides excellent agreement
with the experimental data. This structure consists of a TaO3 (CO,), core
and two loosely-bound COy molecules occupying the second coordination
sphere. This interpretation is reinforced by comparing the intermolecular
bond distances of 3.63 A and 3.90 A versus 2.19 — 2.48 A for the core ligands
(Figure 5.14 f)). A competing isoenergetic structure t15 also gives a good
agreement with the experimental data. Under our source conditions, there is
unlikely to be any preference for formation of either the t14 or t15 isomers,
and since these structures are essentially isoenergetic, one can expect the two

competing isomers to be formed in comparable abundances.
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t16 AE =5.28 eV
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Figure 5.20: Experimental IR-REPD spectra for TaO3 (CO3)6—Ar together with the
simulated IR spectra for all candidate structures. All calculations are performed at the
B3P86/Def2TZVP level of theory. The vertical dashed line marks the position of the

asymmetric stretch v3 in an isolated COs.

The IR spectrum for TaO3 (CO3)7 recorded in the channel corresponding to

the depletion of the “untagged” parent ion is shown in Figure 5.21. Four
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spectral features are observed at 2348 cm™!, 2358 cm™!, 2379 ecm~! and
2395 cm~!. Structure t18 provides a good agreement with the experimental
IR spectrum. Similarly to the hitherto discussed geometries, structure t18
consists of a TaO3 (COy), core and three loosely-bound ligands, as evident
from corresponding bond distances: 2.54 A, 3.71 A and 6.74 A versus 2.19 —
2.48 A for core ligands.

t19 '\
J{"g}

AE =527 eV

b
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Figure 5.21: Experimental IR-REPD spectra for TaOJ (COs)7 together with the sim-
ulated IR spectra for all candidate structures. All calculations are performed at the
B3P86/Def2TZVP level of theory. The vertical dashed line marks the position of the

asymmetric stretch vz in an isolated COs.
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5.8 Trends for NbOJ (CO,), and TaO; (CO,),

Complexes

Figure 5.22: Peak positions plotted as a function of cluster size for the NbO3 (COy),, and
TaOF (CO3),, complexes. The square markers correspond to singly Ar-tagged complexes,
the circular markers to the doubly argon-tagged NbO3 (CO,),~Ary complex, and the
triangular to the neat TaO3 (CO2)7 complex. The error bars correspond to the full-width-
half-maximum (FWHM) of a fitted Gaussian function used to determine the position of
each peak. Horizontal dashed line marks the energy of the asymmetric stretch in an
isolated COs.

For completion, Figure 5.22 exhibits the observed peak positions plotted as a

function of complex size. For both NbO3 - and TaOJ - based complexes, the
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smallest two complexes n = 1 and 2 exhibit only a single feature due to out-of-
phase combination of normal modes for n = 2. For n = 3, vibrations resulting
from the in-phase combination of the normal modes of inner CO, molecules
become apparent, as well. For n = 4, the vibrations due to both in and
out-of-phase combinations of normal modes for the two inner-most ligands
are observed. These two features then experience a gradual blue-shift with
increasing n as the inner ligands experience additional rigidity as a result
of outer coordination sphere. The features due to CO5 molecules directly
attached to the central metal ion continue to persist in larger complexes and
these features then slowly reach plateau at n = 7 at 2381 cm~! and 2398
cm~! for NbO3 (COy),,. Similarly for TaO3 (CO,), complexes, a plateau is
reached at ca. 2379 cm™! and 2395 cm ™! at n = 7. In all cases, the feature at
ca. 2360 cm~! remains a superposition of peaks corresponding to two outer
ligands of the [MO3 (COs)4] core, where M = Nb and Ta.

Ligands vibrating close to the frequency of an isolated CO, first appear at
n = 5, indicating an inner coordination sphere of four CO, ligands to which
other ligands bind more loosely. The features due to the “surface” ligands
become better resolved with an increasing n, where more ligands reside in the
second coordination sphere. To illustrate this point further, n = 7 consists
of four ligands in the inner coordination shell (with vibrational frequencies
> ca. 2360 cm™!), and three ligands in the second coordination shell with
their corresponding vibrational frequency close to 2349 cm~!. Including the
oxygen atoms one may even describe the coordination number around Nb*

and Ta™ to be six (four CO; ligands and two oxygen atoms).

A coordination number of six is commonly encountered for niobium and
tantalum complexes in the condensed phase, especially in the coordination
complexes involving alkynes or amide based ligands.??" 32 The Duncan group
have observed an octahedral n = 6 core for gas-phase Nb™(Ny),, complexes.?3°
In the case of Ny ligand, some incipient chemical bonding is present in accor-

dance with the Dewar-Chatt-Duncanson complexation model,'®67168 which
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also explains the propensity for the symmetric structure. In our case, the
four CO, ligands and two oxygen atom around Nb* and Ta™ ions are not in
a perfect octahedral arrangement. The predominant interaction here is the

charge-quadrupole interaction between the metal ion and COs.

Although this might not be a bona fide comparison with the complexes of
NbOj and TaOj ions, the Duncan group has previously identified that four
COq ligands form the first coordination sphere in the case of V*(COs),, com-
plexes®?4331 (as discussed in Section 5.3, VOJ ions are not formed upon the
ablation of vanadium target in the presence of CO5/Ar). In the case of
VT (CO3)z and VT(COy)3, only a single feature with a blue-shifted shoulder
peak was observed. Unlike in NbOJ - and TaOj - based complexes, the shoul-
der peak was assigned to either structures of low symmetry, or high symmetry
structures perturbed by argon. Only a single strong feature is observed for
VT (COy)4, indicating a structure of high symmetry - DFT calculations at
the BSLYP/Def2TZVP identified a planar structure of Dy, symmetry.3** The
experimental IR-REPD spectra and DFT calculations indicate that all four
core ligands occupy equivalent positions, unlike for the NbOj and TaOj
ions. In larger V*(COy), complexes (for n > 9), a feature due to ligands
occupying intermediate coordination shells were observed. No such features
were observed for near-equivalent NbOJ and TaOj complexes, at least not

in the size regimes considered in this work.

The final piece of the evidence that confirms the core of four ligands for
NbOj (COy),, and TaO3 (CO,),, complexes comes from the trends in binding
energies displayed in Figure 5.23. With the calculated binding energy of
1.34 (1.63 €V), the n = 1 complex exhibits the strongest attraction between
NbOj (TaOj) and CO,. The obvious drop in the binding energy is noticed
between n = 2 and n = 3 (from 1.2 eV (1.40 eV) to 0.57 eV (0.65 V) for
NbOj (TaOj) ions, which correspond to the addition of the third ligand
to the [MO3 (COy),| structure, which contains the two most strongly-bound
COq ligands. A drop between n = 3 and n = 4 ligand is then less drastic.
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Figure 5.23: Binding energies of successive COs molecules calculated at the
B3P86/Def2TZVP of theory. The energies are calculated by considering the following
dissociation process: MO;(COz)n to MO;(COg)n_l + CO5 for M = Nb to Ta. Black
squares correspond to the values calculated relative to the putative global minima struc-
tures. In the case of TaO3 (CO3),, blue triangles mark the dissociation energies relative
to structures t10, t14 and t18 that are assigned to be the major contributors to the ex-
perimental IR-REPD spectra.

In Figure 5.23 (bottom), blue triangles indicate the dissociation energies
relative to the t10, t14 and t18 structures. These geometries are assigned to
be the major contributors to the observed TaO3 (CO,)5_7 experimental IR-
REPD spectra. Here, the binding energies of the terminal CO, is very close
to zero for n = 5, 6 and 7 (ca. 0.10 eV, 0.09 eV and 0.02 eV, respectively).

Likewise for NbO3 complexes, the binding energies of the terminal ligand in
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n =5, 6 and 7 complexes is very close to zero (ca. 0.10 eV or less), which is
consistent with weakly-bound ligands not directly attached to the metal ion.
Ligands in the second coordination sphere predominantly interact with other
CO4 molecules. Hence their binding energy energies are similar to that of a
neutral CO, dimer of ca. 0.06 eV (500 cm™1).27"27 This is in good agreement
with the DF'T calculated binding energies for the second coordination sphere
ligands (n > 5) in NbO3 (COy),, and TaOj3 (CO,),, complexes.

For both metal oxide ions, low binding energies for the ligands in the second
coordination sphere are further consistent with large intermolecular distance

1

to Nb* or Ta™, and with the onset of spectral features close to 2349 cm™! at

n > 5.

5.9 (CO,) Gaseous Complexes

As observed in the time-of-flight mass spectrum produced upon ablation of a
tantalum target in presence of COy/Ar gas mix shown in Figure 5.3, (CO3);
metal-free complexes are also present in the molecular beam, some with an
argon atom attached. The IR-REPD spectra for (CO;)3,~Ar and (COy)Z,
are shown in Figure 5.24 and are in excellent agreement with previous work
by Inokuchi et al.3?° Calculations by Inokuchi et al. suggest the CoOf ion
as the nucleation site, where the ion itself is thought to be of Cy; symmetry
with COy molecules interacting via their respective O-ends. The third and
fourth CO, molecules are then added orthogonally to the plane defined by
C,05 . All features in the IR-REPD spectra appear close to the asymmetric
stretching frequency of free CO,, which indicates modestly-perturbed CO,
molecules. While Inokuchi et al. do not provide simulated IR spectra, they
assigned two peaks in the spectrum for n = 4 to molecules that bind to

different positions at the C,05 ion.
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Figure 5.24: IR-REPD spectra for (CO3)3 ,~Ar and (COQ);6 complexes recorded in
the channel corresponding to the depletion of the parent ion. The vertical dashed line

indicates the position of the asymmetric stretch in free COs.

5.10 Conclusions

IR-REPD spectra are recorded for MO3 (COs),, complexes (where M = Nb
and Ta) in the n = 1 — 7 size regime via means of argon tagging. This study
reveals a further insight into CO5 complexation around transition metal diox-
ide cations. Strong similarities exist between the complexes of NbOj and
TaOj ions. Experimental data, in conjunction with the DFT simulated IR

spectra, allows for identification of a strongly-bound [MO3 (COy3)4] core. The
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n = 4 core itself consists of two pairs of most inner and outer CO5 molecules.
A notable increase in the intermolecular bond distances is observed for all
ligands that are thought to occupy the second coordination sphere. This
coincides with features arising at energies close to the asymmetric stretch-
ing frequency of free CO,, providing additional evidence for the n = 4 core.
Furthermore, binding energies close to zero were calculated for the weakly-
bound molecules in the second coordination sphere (i.e from n > 5). This
study also demonstrates a remarkable degree of agreement between the ex-
perimental and DFT simulated IR spectra even for the complexes up to n =
7. Despite the similarities between the complexes of NbO3 and TaOj ions,

these species are notably different when compared to V*(COz),, complexes.
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Chapter 6

A Velocity Map Imaging Study

of Vanadium Oxide

This chapter presents a VMI study of VO photofragmentation in the visible
region in the vicinity of C*¥~ - X4¥7(v’,0) transitions in VO. The experimen-
tal setup employs a recently-modified Oxford VMI spectrometer equipped
with a laser ablation source. The dynamics are interpreted in terms of three
photon nature with the first photon loosely resonant with vibrational lev-
els of the C*X~ state. The quantum state distribution of photofragments
is strongly dependant on the intermediate vibrational state accessed in the
vibronic progression of the C*X~ state. A refined value for the dissociation
energy Dy(VO) = 53190 + 261 cm™! resulting from this work is in good

agreement with available literature.

6.1 Previous Studies of VO

Vanadium oxides are of industrial importance as catalysts, semiconductors,
and because of their use in optical devices.?3*333 VO is also an important

molecule from an astrophysical perspective, where transitions corresponding
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to its presence are commonly observed in the spectra of cool (2500-3000 K)
M-class stars and serve as a means for their characterisation.?3*33% VO has
recently (2017) been detected in the atmosphere of a super Neptune-like
exoplanet (WASP-127b) discovered by Lam et al.33¢:337
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Figure 6.1: Potential energy curves for the known states of VO. Solid and dashed lines
refer to quartet and doublet states, respectively. Colour scheme in the ascending order,
solid: X %=, A’ 4®, A *II, B *II, C X~ and D *A; dashed: a 2¥~ | b 2T, ¢ 2A, d 2%*, e
2, £ 211 and g 2II. The potential energy surfaces are calculated using the extended Morse
potential (EMO) by Lee et al. (that includes centrifugal correction functions expanded as

338

a power series),??® and fitting the empirical parameters: dissociation energy (by Balducci

et al.33%), empirical excitation energies and bond lengths. Reprinted from McKemmish,

L.K.; Yurchenko S. N.; Tennyson, J. Mon. Not. R. Astron. Soc., 2016, 463, 771-793 with

permission from Oxford University Press on behlf of Royal Astronomical Society.?33

Due to its astrophysical significance, the lower-lying states of VO have been
characterised extensively. Merer et al. used Fourier transform spectroscopy
to study the ground and the excited states of VO.34%34 Figure 6.1 illustrates
the potential energy curves of the lower lying states of VO with X*X~ as the
ground state. Our group has previously studied the electronic spectrum of
VO in the visible region and characterised a spin-forbidden transition from

the ground state to the 3 2II state.?*> Furthermore, monovanadium oxide
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anions (VO , z = 1 — 4) were studied by Wang and co-workers using photo-
electron spectroscopy.®*® A recent article by Tennyson provides an extensive
overview of the spectral lines of VO, including the potential energy surfaces

of the lower-lying states of VO presented in Figure 6.1.3%

Bauschlicher and Langhoff have, in their theoretical study of the low-lying
electronic states of VO using the complete active space-space self-consistent
field (CASSCF) method, identified X*X~ as the ground state.®*” This con-
firms an earlier assignment by Carlson and Moser.3#® Vanadium has a ground
state electronic configuration of [Ar]3d34s?; although, the [Ar|3d*4s® state
is only ca. 0.25 eV higher in energy and greatly contributes to the cova-
lent bonding. Tt is thought that there is a covalent, V(3do'3dn'3ds*4s")
O(2pa'2pn?), and an ionic, VF(3do'3ds%4s') O~ (2po'2pn?), contribution to
the bonding in VO. For the ground state of VO, a certain amount of triple
bond character is presumed. The covalent bonding contributions arise from
the overlap of 3do and 3dm orbitals of V with the 2po and 2pw orbitals of O,
respectively. The sole 4s electron of V is polarised away from O. Additional
contribution arises from the donation of the 2pm O electrons into the empty
3dm orbital of V. In the ionic component, the 4s electron of V is again po-
larised away from O and the bond is formed between the V 3do and O 2po
orbitals, and with the electron donation from oxygen’s 2pm orbitals into the

empty 3dr orbitals on V.37

Bauschlicher and Langhoff have also calculated a dissociation energy of 5.68
eV (45812 cm™!) for VO. This value is thought to be significantly lower
than the experimentally measured values (see Table 6.1) due to limited
consideration of the correlation energy in the CASSCF only method em-
ployed by Bauschlicher and Langhoff.3*7 A more recent investigation by Mil-
iordos and Mavridis using CASSCF and single plus double replacements
(CASSCF+1+2=MRCI) obtained a value of Dy = 52464 cm™! (6.95 eV) 3%
which is closer to the experimentally determined dissociation energies (c.f.
Table 6.1).
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Jones and Gole determined the lower-bound D value of VO in their study of
the gas-phase reaction of vanadium with nitrogen dioxide: V + N,O — VO
+ NO.?% Under single-collision conditions, the authors observed chemilumi-
nescence from vibrational levels up to v’ = 11 of the C*X~ - X*¥~ system of
VO. From a thermodynamic cycle and the knowledge of Dy(O-NO), Jones
and Gole determined the lower limit for the dissociation energy of Dy(VO)
as 6.034 eV (48677 cm™1).

Using a combination of Knudsen cell and mass spectrometry, Balducci et
al. studied the gas-phase equilibria between the following reactions: VO
+ Eu <= EuO + V.?* From the measurements of equilibrium constants
at different temperatures, the heat of reaction was derived. As Dy(EuO)
is well-known, the authors were able to determine the dissociation energy
of Dy(VO) as 52345 + 726 cm™! (6.51 + 0.09 eV). In the same work the
authors measured the ionisation potential of VO to be 8.4 &+ 0.5 eV (67751
+ 4033 ecm™!). Thus, in the visible range, at least three photons are required
to ionise VO. Pedley and Marshall used the available thermochemical data
from older Knudsen cell experiments®! to determine the value of Dy(VO) as
51942 + 1613 cm™! (6.44 + 0.20 eV).352

Table 6.1: Literature values of the experimental and theoretical value of Dy(VO).

Author Dy / em™! Method Year

Jones et al.3° > 48677 Chemiluminescence 1976
Pedley et al.3%? 51942 4 1613 Knudsen cell 1983
Balducci et al.3¥ 52345 4 726 Knudsen cell 1983
Bauschlicher et al.3*" 45812 CASSCF 1986
Miliordos et al.3* 52464 CASSCF+1+2=MRCI 2007

In their collision-induced dissociation study of VO™, Aristov and Armentrout
determined the dissociation energy of the vanadium monoxide cation to be
Dy = 48393 £ 2823 cm™! (6.00 & 0.35 eV).3®® Spectroscopy and structures

of larger vanadium oxide cluster ions have also been extensively studied by
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l 354-356

Asmis et a and were also the subject of a recent review by Asmis and

Sauer.3%7

6.2 Experimental Methods

6.2.1 Experimental Apparatus

The schematic of the experimental setup is shown in Figure 6.2. Initially, the
Oxford VMI spectrometer equipped with the laser ablation cluster source was
designed to target only neutral molecules. With the first generation of the
Oxford laser ablation - VMI spectrometer, our group studied the photodis-
sociation dynamics of numerous neutral molecules: Auy, Au-RG, Xe,, Cus,
CuO Ag-RG, AgO, CrO and MoQ.3%%363 The spectrometer has now been
modified so that in the future, it will also allow the study of charged species.
The instrument consists of two differentially pumped regions: i) a source
chamber, housing the laser ablation source and a Wiley-McLaren accelera-
tion stage, and ii) a detection chamber housing an Einzel lens, VMI lenses
assembly, and VMI detector. A Smalley/Bondybey-type ablation source3435
is used with focused 532 nm light generated from a pulsed Nd:YAG laser
(Continuum Minilite) operated at 10 Hz (typical pulse width of 5-7 ns). The
ablated metal plasma is entrained in a pulse of a backing gas delivered by a
pulsed solenoid valve (Parker-Hannifin General valve, series 9). The molec-
ular beam then passes through a 1 mm skimmer (Beam Dynamics) prior
to entering the Wiley-McLaren acceleration stage consisting of grid-free re-
peller, extractor and ground electrode. Species with different mass-to-charge
ratios can be mass-separated by the time they reach the VMI region by virtue
of different arrival time; the arrival time is proportional to the square root
of the mass-to-charge ratio (as discussed in Section 2.3). The potentials at
the repeller and extractor electrodes are adjusted to allow for the time focus

of the species in the VMI region. Prior to the VMI region an Einzel lens,
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consisting of a positive electrode sandwiched between two ground electrodes,
ensures that the expending trajectories of ions are tightly space focused in
the VMI lens assembly. The Einzel lens does not affect kinetic energies of the
particles. Just before the VMI lens assembly, a retractable MCP detector
allows to monitor the ion signal of the mass-separated species, allowing the

determination of the flight time taken to reach the VMI lens assembly.

WM Repeller VMI Repeller
MCP /

Skimmer WM Extractor VMI Extractor Phosphor screen
! Ablation j i I 1} 1}

block Einzel lens

Pulsed . I -
elmm mmm gl I
e
1
I

Ablation/\ Gate Retractable Laser /\ Retractable
laser valve ToF detector excitation ToF detector

Figure 6.2: A diagram of the VMI spectrometer equipped with a laser ablation source.
The instrument permits a study of both neutral and charged species. For the study of
neutrals Wiley-McLaren (WM) acceleration stage and Einzel lens are grounded. Static

voltages are applied to the VMI electrodes.

The VMI lens assembly consists of variation of the original Eppink/Parker
VMI electrode design. As discussed in the previous publications,*®36! the
cone-shaped extractor design provides more homogeneous electric fields in
the extraction region, which are more forgiving to the exact birth position
of the ions; photofragmentation with an unfocused laser beam yields frag-

364

ments over a relatively large volume.”®* Consequently, this also results in

the instrument-specific magnification factor close to 1, whereas the original
Eppink/Parker design generally has a magnification factor of 1.3 — 1.4.2123%8
Previously, a stepped-chain of electrodes coupled with resistors was coupled
to the extractor electrode to bring the potential slowly to ground. In order
to a allow for quick pulsing of the repeller and the extractor plate, as re-
quired for VMI of charged species, the resistor stack has been grounded as it

does not allow for fast-pulsing of voltages. The new VMI assembly de facto
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consists of a repeller, conical extractor and ground electrode. Neutral and
charged species are photodissociated (and ionised in the case of neutrals)
between the repeller and extractor electrodes by orthogonally crossing the
molecular beam with the probe laser. Prior to the VMI detector, a second
retractable MCP detector enables the recording of time-of-flight mass spec-
tra and to perform spectroscopic measurements, e.g. REMPI, on the systems
while using VMI lenses in time-of-flight mode. The signal from the MCP de-
tector is displayed on a digital oscilloscope (LeCroy Wavesurfer 64MXs-A)
connected to PC wvia ethernet cable and recorded with a custom-built Lab-
VIEW program. In the VMI mode, the photofragments are detected using
a conventional VMI detector setup (Photek) at the end of the field-free re-
gion. The detector consists of two imaging-quality MCP plates in a chevron
arrangement coupled to a P46 phosphor screen. Any arrival of an ion at
the MCP plates causes a cascade of electrons hitting the phosphor screen
triggering fluorescence which is then captured by a position sensitive CCD
camera (776 x 586 pixels). The detector allows time-gating (At > 70 ns) in

order to mass-discriminate for the ion of the interest.

A gate valve separates the source and the detection region to protect MCP
plates from any sudden rises in the pressure in the source region when the
instrument is not operational. It permits necessary maintenance such as
changing metal targets or aligning the ablation laser without exposing MCP
plates to atmospheric pressures. Three turbomolecular pumps in turn backed
by two rotary pumps and a scroll pump are used to keep the instrument at
a high vacuum. Typical pressures in the source and detection regions are ca.
10~7 mbar. When the experiment is in operation, the pressure in the source

(detection) region rises to ca. 5 x 1075 (6 x 10~") mbar.

For the study of neutrals, the Wiley-McLaren acceleration stage and Einzel
lens are kept at ground. Static fields are employed in the VMI regions —
neutral molecules will not be perturbed by the electric field until they are

ionised. VO is formed by laser ablation of a rotating vanadium disk target
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(Goodfellow, 1mm thickness) and using 3 bar stagnation pressure of He buffer
gas. The VO impurity is present on the surface of the target. No additional
0O, gas was added to the expansion gas. VO is photodissociated between
the VMI repeller and extractor electrode using radiation generated from an
OPO (Panther EX OPO, Continuum). The OPO itself is pumped by the
third harmonic (355 nm) of a Nd:YAG laser (Continuum Surelite II) with a
pulse width of ca. 8 ns. The polarisation of the photodissociation laser was

set to be parallel to plane of the detector.

6.2.2 Polar Onion-Peeling Inversion Method

2D

3D

Figure 6.3: a) 3D initial distribution of fragments, F'(r, 6, ¢), where r is the radial dis-
tance from the centre, 6 is the polar angle and ¢ is the azimuthal angle. b) 2D distribution,
G(R, «), obtained by velocity mapping of fragments onto a 2D detector, where R is the
radius of the 2D image, and « is the angle between R and the z-axis. For photodissociation
experiments involving a vertically-polarised laser parallel to the detector place (zz-plane),
the distribution of photofragments will be cylindrically symmetric around the z-axis. Fig-
ure reprinted from Roberts, G. M.; Nixon, J. L.; Lecointre, J.; Wrede, E.; Verlet, J. R. R.
Rev. Sci. Instrum. 2009, 80, 053104-1-053104-7 with permission from AIP Publishing.?'6

All velocity map images presented in this thesis are reconstructed using the
POP algorithm developed by Roberts et al.?*® Similarly to BASEX methods,
the POP algorithm uses basis functions to generate a suitable fit for the 2D
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image. Let us consider an initial 3D Newton sphere of fragments, F(r, 0, ¢),
which in a VMI set-up, will be mapped onto a 2D detector as G(R, «), as

shown in Figure 6.3.

The recorded velocity map image can be considered as the sum of individual
images of different radii. The complete 2D projection, G(R, «), can be de-
scribed as the integral of separate 2D projections g(r; R, «) at a particular

radius, ' which satisfies (R < r). Hence:

G(R,a) = /Ormaz g(r; R, a)dr (6.1)

At the maximum radius, where r = 7,,,,, the 2D projection only has a
contribution from the central slice of the full distribution with ¢ = 0, so the
3D distribution becomes F'(r, 0, ¢ = 0). The central slice can thus be written

as h("maz, 0,). Hence:

g<rmaa:; R> Oé) = h(rmaa:a 9) (62)

The algorithm now performs a linear least-squares fit of the A(7,q.,0) to the

well-known photofragment angular distribution function:3¢%366

I(0) = N(r) Y _ Bulr) Pulcos(9)] (6.3)

here N (r) are intensity factors, /3, are anisotropy parameters, and P, is the

n'" order Legendre polynomial.

Starting at 7,4,, the simulated distribution gg;(r; R, a) can now be be re-

moved from the observed 2D image:

G*(R,a) = G(R,a) — grit(1; R, @) (6.4)

I 2D projections g(r; R, a) are considered at specific radii r of the original 3D Newton

sphere, which will yield the corresponding R and «
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where G* (R, «) is the remainder of the original image after the subtraction of
the outermost layer. This procedure is iteratively repeated for r = 7,4, — dr
until 7 = 0. The sum of h(r, 8) from each iteration then yields the required

central 2D slice of the original Newton sphere of photofragments.

6.2.3 Determination of Kinetic Energy Release Spec-

tra

Following the reconstruction of the central slice of the Newton sphere, kinetic
energies of the fragments can be determined. The radius, r, of a particular
ring on the detector is related to the magnification factor, N, velocity, v, and

time-of-flight, ¢, via:?'?

r=Nxuvxt (6.5)

The instrument specific magnification factor, IV, takes into the account the
inhomogeneous electric field in the extraction region. The magnitude of the
magnification factor can be determined either by modelling, or by performing
measurements on system with a well-known photofragment product distri-

bution.

Let us consider a photodissociation of a vanadium containing molecule VX

into fragments V and X:

VX +nxhy— V4 X" (6.6)

Photofragments V and X can often be produced in their excited electronic
states, labelled as V* and X*, respectively. The photodissociation is consid-
ered to occur with n photons of energy hr, where h is the Planck’s constant
and v is the frequency. A schematic of a photodissociation on an idealised

potential energy surface (PES) is shown in Figure 6.4.
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TKER

V* + X*

nx hv E(V*)+ E(XY)

Energy

Figure 6.4: An idealised picture of a photodissociation process concerning the parent
molecule VX. The atomic excitation energies of the resulting photofragments V* and X*
are labelled as E(V*) and E(X*). The dissociation energy is marked as Do(VX) and TKER

refers to the total kinetic energy release.

Following the reconstruction of the central slice of the Newton sphere, the
kinetic energy release (KER) of each fragment can be determined. For the

vanadium fragment, this would lead to the following expression:

KERy = tmyo}. (6.7)

In order to correctly describe the photodissociation energetics, i.e the sum
of both fragment’s KERs or better, the total kinetic energy release (TKER)
is required. Considering the conservation of momentum, the KER of the
co-fragment X can also be determined. The velocity of the co-fragment, vy,

can thus be derived from:

myvy = Mxvx (68)
mx
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where mx is the mass of the co-fragment X. Thus, TKER can be expressed

as:

TKER = KERy x (1 + M) (6.10)
mx

Now, TKER for a photodissociation process can be determined by measuring

the recoil velocity of only one fragment.

Inferring from Figure 6.4, the energetics of a photodissociation process can

be described as:

nx hv = Dy(VX) + E(V*) + E(X*) — E(VX) + TKER, (6.11)

where E(V*) and E(X*) are the internal energies of the fragments, E(VX)
is the internal energy of the parent molecule, and Dy(VX) is the dissocia-
tion energy of the parent molecule VX. In some systems, the dissociation
energy will be well-established; TKER spectra can then be used to identify
the product quantum states. Similarly, employing a suitable REMPI scheme
can state selectively-ionise a particular photofragment — dissociation energy
of the parent species can then be inferred using Equation 6.11. In practice,
as presented in Section 6.3.2, velocity map images will often be recorded over
a large spectral range, which will provide clearer indications of the photodis-

sociation channels.

6.2.4 Identification of the Molecular Carrier

Experiments on neutral species come with a particular experimental chal-
lenge. The laser ablation process produces various metal-containing species
with no means of mass discrimination. Only in the post-analysis, one is able
to determine the parent molecule by examining signatures in the photofrag-

ment quantum states.
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As seen from the Equation 6.11, photodissociation of the parent species VX
produces photofragments V and X. The V fragment is subsequently ionised
and detected via VMI. The ionisation step does not affect the recoil velocity
of V since any excess energy is carried away by the electron. The ionisa-
tion potential of V is 54412 cm™! (6.746 eV);3%7 ionisation from the ground
electronic state requires a three-photon process in the energy range consid-
ered here. The parent species can be assumed to be in the electronic ground

state (a reasonable assumption for species undergoing supersonic expansion),

hence E(VX) = 0.

By inserting the expression for TKER (Equation 6.10) into Equation 6.11

one obtains:

nxhu:D&VXy+EWﬂ+JﬂXﬂ+KERVx(L+%K> (6.12)
X

For a particular photodissociation channel, a pair of photofragments V and
X are produced in specific quantum states. Hence, one can write E(V*) +
E(X*) + Do(VX) = k, where k is simply a constant. Equation 6.12 can now
be simplified:

nxhu—k—i—KERVx(l—i—m). (6.13)
mx

Upon rearrangement this becomes:

KEquzhyx(T:é%WE)—kx (6.14)

k
1+mv/mx‘

By plotting KER(V) against the photon energy (hv), the identity of co-

where k' =

fragment X and the number of photons involved in the photodissociation
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process can be determined. Knowing that the number of photons is neces-
sarily an integer limits the selection of possible candidates for X. This analysis

is employed to confirm the co-fragment in Section 6.3.2.

6.3 Experimental Results

6.3.1 REMPI spectrum of VO

VO A =1500.50 nm

lon Signal / Arbitrary Units

. . . . .
0 100 200 300 400
Mass-to-Charge / u

Figure 6.5: Time-of-flight REMPI mass spectrum recorded at 500.50 nm. The vanadium
target was ablated in the presence of He buffer gas administered from 3 bar static pressure.
Only V atom and VO were observed; no larger species were detected. The energy at 500.50
nm (19980 cm™1) corresponds to the C*X~ - X43~ (3,0) transition in VO.

The time-of-flight mass spectrum recorded with the laser wavelength set on
the C*X~ - X*X~ (3,0) transition in VO at 500.50 nm (19980 cm™!) is shown
in Figure 6.5. Vanadium disk is used for ablation in the presence of he-
lium carrier gas delivered from 3 bar static pressure. The mass spectrum is
recorded at an energy of a REMPI transition in VO, so it is not unexpected

that VO is the dominant species detected at this particular energy. Neutral
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species require ionisation prior to the detection, however, no species other
than V and VO were observed. The backing pressure of the expansion gas
was also intentionally kept at a low static pressure of 3 bar, thus discouraging

any clustering.

Figure 6.6: One colour (1 + n) REMPI spectrum of VO recorded in the range 17000
- 23500 cm~'. Velocity map images of vanadium ion recorded at energies of vibrational
transitions are included. The data includes the assignments by Hopkins et al.?4® The
asterisk (*) indicates major bands that are unassigned. Transitions to v’ = 1 and 2
require a (1 + 1’) REMPI scheme not explored in this work. Bottom: The corresponding
signal observed in the V channel. The considered species are neutrals, VO and V, and are

ionised prior to the detection.

A (1+n) REMPI spectrum of VO in the region C*X~ - X4X~ (v*,0) is shown
in Figure 6.6. The REMPI spectrum reproduces transitions previously iden-

tified by our group.?*® As shown in Figure 6.6, velocity map images of the
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vanadium ion recorded at the energies corresponding to different C*¥~ -
X4%~(v/,0) and 1T - X*¥~(v/,0) transitions display dramatic changes in the

observed photofragment distributions.

Notably, fragments with non-zero kinetic energy release are only observed
on resonances that correspond to transitions in VO. Figure 6.6 also shows
the detected signal intensities for vanadium atom in the considered spectral
region. The only REMPI transitions we are able to assign are the two photon
transitions to f *F spin-orbit states from the vanadium ground electronic
state (f F — a *F). The transitions around 22000 cm™' do not match any
known REMPI transitions in vanadium atom. As we are unable to mass
discriminate in the ablation process, the vanadium atom signal could also
be resulting from a fragmentation of a larger vanadium containing species.
However, the signal in the vicinity of the C*X~ - X43~ (v = 1, 3 and 7, 0)
vibronic transitions in VO is also clearly reproduced in the vanadium atom
(and less obviously around v’ = 4 and 5). This indicates that the detected

vanadium atom is likely to be resulting from the photofragmentation of VO.

6.3.2 Images Around v’ = 3

A velocity map image recorded in the VT channel at the position of the C*¥~
- X*¥%7(3,0) transition is shown in Figure 6.7. A magnification factor of N
= 1.055 is used throughout this work, which is consistent with our SIMION

362,368

simulations and past experiments. The image itself is rather simple -

only one strong feature with a KER of 1190 cm™! is observed.
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Figure 6.7: Vanadium fragment KER spectra recorded at the position of the C*X~ -
X417 (3,0) transition (19980 cm~!) with the corresponding velocity map image (inset).
The double-headed arrows depict the laser polarisation plane. The left half depicts the
raw image and the right half corresponds to the POP reconstructed central slice of the
original Newton sphere. The dotted red line represents a Gaussian function fit to the peak

centred at 1190 em~—! with FWHM of 72 cm™!.

In order to identify the parent species, velocity map images were recorded
in the vicinity of the C*X~ - X*¥%7(3,0) transition of VO as demonstrated in
Figure 6.8. An increase in the KER upon increasing the probe laser energy
is expected, since any additional energy above the dissociation threshold will
be converted directly into the kinetic energy of the photofragments. Figure
6.8 also depicts typical KER spectra recorded in the V' channel around the

region of v = 3, together with the corresponding velocity map images.
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Figure 6.8: KER spectra recorded in the V' channel in the vicinity of the C*Y~ -
X4%7(3,0) transition of VO. The radius of the ring due to off-axis velocity component of
the vanadium fragment increases with increasing energy, which is also replicated in the
KER spectra.

As evaluated in Equation 6.17, a plot of KER(V) versus the photon energy

will be in the form of a linear function with a gradient of . From

1+mC/mX
here, the number of photons involved in a photofragmentation process and
the identity of the co-fragment X can be determined. A plot of all measured
KER for the vanadium co-fragment, over the region between 19912 and 20072

cm™!, is shown in Figure 6.9 (top).
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Figure 6.9: Top: KER plotted as a function of one photon energy between 19912 and
20072 cm~! . A linear function fitted to the experimental data gives a gradient of 0.716
4 0.061. Bottom: TKER plot against three-photon wavenumber. The photodissociation
process is thought to produce vanadium and oxygen co-fragments. The gradient of the
fitted linear function is fixed at 1, which gives the -y-intercept of 55561 + 168 cm~!. The
error bars in both datasets correspond to the FWHM of each fitted Gaussian used to
identify the centre of each peak.

A linear fit to the measured KER values gives a gradient of 0.716 + 0.061.
Table 6.2 lists possible co-fragment candidates with the corresponding num-

ber of photons required to photodissociate the parent molecule.
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Table 6.2: List of potential co-fragment candidates; n refers to the number of photons
needed to photodissociate the parent species. Oxygen co-fragment gives the required
number of photons the closest to an integer. Errors in n arise from the uncertainty

(standard deviation) in the gradient of the fitted line using linear regression.

Gradient Co-fragment (X) n
0.716 4+ 0.061 A% 1.432 £ 0.122
Va 1.074 + 0.092
C 3.759 + 0.321
N 3.324 + 0.284
O 2.998 4+ 0.256
He 18.975 4+ 1.622

As shown in Table 6.2 the most likely co-fragment is oxygen. VO is also the
only molecular species observed in the molecular beam (Figure 6.5). Based
solely on the number of photons required for photodissociation, Vo, and C
co-fragments would also give an integer value for n narrowly within the error
limits. However, this is very unlikely as there is no evidence of V3 or VC
being present in the molecular beam. Additionally, our group has in the past
measured the ionisation energy for Vs of 44336 cm™!,3% which is lower than
the IP for V (the IP for V is 54411.7 cm™1).3™ Hence, if the V3 had been pro-
duced, it would have been expected to be detected, even non-resonantly with
the focused laser. In order to produce carbon-containing clusters, the expan-
sion gas is typically seeded with a low percentage of carbon-rich molecules
such as methane or acetylene. This was not the case in this experiment -
neat He was used as the buffer gas. An additional piece of evidence that
points towards VO as the parent molecule is the presence of any off-axis ve-
locity component in the V* images only at the energies that correspond to
vibronic transitions in VO. Even at the excitation energies corresponding to
the 2211 - X*¥7(2,0) vibronic transitions a single intense ring is observed in
the velocity map images. Images recorded at energies between the vibronic

transitions in VO yield only an intense central spot.
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Having determined the identity of the co-fragment, the VMI data can now be
employed to determine the dissociation energy of VO. As discussed earlier,
the most recent (and exact) experimental value for the dissociation energy is
that of Balducci et al. (Dy(VO) = 52345 + 726 cm™!).33 Initially, this value
for Dy is used to identify the channels resulting from the photofragmentation
of VO in the vicinity of the C*¥~ - X*37(3,0) transition.

Rearranging Equation 6.14, a plot of TKER versus n x hv will yield a straight
line with the y-intercept of -(Dy(VO) + E(V*) 4+ E(O*)):

TKER =n x hv — (Dy(VO) + E(V*) + E(O")). (6.15)

With the number of photons, n, and the identity of the molecular carrier
known, a linear function can be fitted to the dataset of TKER versus the
energy of three photons, as shown in Figure 6.9 (bottom). The fit gives the
-y-intercept of 55561 £ 168 cm~!. Using the upper limit of the dissociation
energy of Balducci et al. (53071 cm™!) implies total fragment internal energy
of 2490 em~!. Assuming the production of oxygen in its ground electronic

state (3P: 78 4 119 cm™!), gives the internal energy of vanadium co-fragment

This unequivocally points toward the production of vanadium in the first
excited electronic state of °D: 2293 4 128 cm™! The third excited state of
the V atom is significantly higher in energy (‘D: 8596 + 131 cm™!).

Applying this approach in reverse, assuming the quantum states of photofrag-

iThe resolution of VMI spectrometer is too low to resolve separate spin-orbit com-
ponents of the electronic states of vanadium and oxygen. Instead, the weighted arith-
metic mean energy of the spin-orbit components for a particular electronic state with the
corresponding weighted standard deviation is considered. The energies of J levels for V
(3d*(°D)4s; a GDJ:1/2,9/2)) are: 2112, 2153, 2220, 2311, 2425 cm~!. This gives a weighted
mean energy of V (a 6D) = 2293 £ 128 cm~!. Similarly for O(®Pj—2_¢): 0, 158 and 227

em~!. Hence O(®Pj—g_¢) = 78 4+ 119 cm™ 1.
Al atomic energies are quoted from the NIST Atomic Spectral Database.??3
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ments allows us to refine the dissociation energy for VO. Using the value for
the -y-intercept of 55561 4+ 168 cm™', V(°D: 2293 + 128 cm™!) and O(®P:
78 4+ 119 cm™!) gives a refined value for the dissociation energy of Dg(VO)
= 53190 £ 242 cm™!.

6.3.3 Images Around v’ =7

Contrary to the images around v’ = 3, the measured TKER spectra around
v’ = 7 show the production of vanadium atom in several different quantum
states manifest in the presence of several rings in the VMI images. The TKER
spectrum recorded at position of the C*¥~ - X*X (v’ = 7, 0) vibronic band

is shown in Figure 6.10.

Figure 6.10: Black: Experimental TKER spectrum recorded at the C*X~ - X4X (v’ =
7, 0) vibronic band (23196 cm~1). Six identified features II-VII belong to series identified
in the vicinity of v’ = 7 (vide infra Figure 6.11) b) The corresponding velocity map image.
Left side: the raw image; right side: POP reconstructed central slice. The double-headed

arrows mark the laser polarisation plane.

The plot of TKER versus three photon energy, along with relevant assign-
ments is shown in Figure 6.11. The observed photodissociation channels

compare well with the production of V in known electronic states from the
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third excited state onwards up to the ninth excited state, i.e. between 8413

and 15572 cm™! of excitation energy:
o V (3d*(°D)ds; a *Dy_yjo_12): 8413, 8476, 8579, 8716 cm ™,

o V (3d%4s* a "Py_y/5-5/2): 9545, 9367, 9825 cm ™,

3d3482; a 2GJ:7/2_9/2)1 10893, 11101 Cm_l,

Vi(
Vv (3d3482; a ZPJ:3/2_1/2): 13802, 13811 Cm_l,

A% (3d3432; a 2D2J:3/2,5/2)Z 14515, 14549 Cmil,
o V (3d'(*H)4s; a *Hy_r/o_1355): 14910, 14949, 15001, 15063 cm?,
o V (3d*(*P2)4s; b *Py_y 0 550): 15078, 15271, 15572 e

The weighted mean energies of these states, together with the corresponding
weighted standard deviations as the errors, are considered. This gives the
following values: a “D = 8596 + 131 cm™!, a P = 9717 £ 142 cm ™!, a
2G 11017 + 147 em™!, a 2P = 13805 + 7 cm™!, a 2D, 14535 + 24 cm ™, a
H = 14992 £ 66 cm™ !, and b ‘P = 15389 £ 248 cm~!. Figure 6.11 shows
TKER plotted against the three-photon energy in the vicinity of the C*X~ -
X4¥7(7,0) and 21 - X4¥7(2,0) transitions. The photodissociation fragments
are assigned to the production of vanadium in the a *D, a *P, a %G, a 2P,
a 2Dy, a *H, and b “P states, and oxygen in the ground (®P) state. The
observed photodissociation channels thus match well with the production of

1

vanadium in all electronic states between 8413 to 15572 cm ™" of excitation

energy.

For completion, events that might lead to the production of oxygen in the
first excited state (D) are also considered. However, even the peaks with
the lowest detected TKER do not appear to correlate with a process forming

oxygen in the 'D state.
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Figure 6.11: TKER spectra of the V and O co-fragments plotted as a function of three-
photon energy. The error bars represent the FWHM of the peak in consideration. The
solid lines represent the simulated TKER based on the Dy determined in the v’ = 3 region
and the identified product quantum states of vanadium and oxygen. From series I to VII,
oxygen is produced the in the ground state (3P). For completion, in series VIII, oxygen is
modelled to be produced in the first excited state (!D). The data points in grey do not

seem to correlate with any of the assigned series.

Off-axis energy components in the velocity map images of V' are only ob-
served when sitting on the peaks in the REMPI spectrum of VO. At the
energy corresponding to the C*X~ - XX 7(7,0) transition, the photodissoci-
ation of VO produces the V atom in the b P, a *H, a 2D», a ?P, a 2G and a
4P electronic states. When using the probe laser energy corresponding to the
211 - X*¥7(2,0) transition, a path towards the formation of the a ‘D state
opens up. However, at lower probe energies, the b *P state is then no longer

produced.
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As alluded to in previous subsections, the knowledge of the product quantum
state distributions of photofragments together with the measured TKER
allows for the determination of parent molecule dissociation energy. For the
photodissociation channels identified in Figure 6.11, fixing the gradient at 1

and performing a linear fit gives the following values for the -y-intercepts:
e Series I: 62181 + 309 cm ™!,
e Series II: 63214 4 227 cm™?,

Series III: 64231 4+ 181 cm ™!,

Series IV: 66958 + 197 cm ™!,

Series V: 67620 4+ 190 cm ™!,

Series VI: 68136 & 190 cm™!,
e Series VII: 68610 £ 181 cm™!.

Using the information contained in the value of the -y-intercept one can
determine the dissociation energy of VO. The calculated values for Dy from
each of the identified series are presented in Table 6.3. The table includes the
weighted average for the Dy(VO) calculated from the individual contributions
of the dissociation energies determined around v’ = 3, and from contributions
from Series I-VII.
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Table 6.3: Assigned photofragments resulting from the photodissociation of VO in the
vicinity of C*X~ - X4¥ 7 (v’ = 3 and 7, 0) transitions together with Do(VO) determined

from each series. The weighted average of the Dy(VO) is evaluated from the contributions

from the data collected around v’ = 3 and from Series I - VII.

Photofragments ~ Do(VO) / cm™!
v =3 V(a D) + O(P) 53190 = 242
v =7 Seriesl V(aD)+ OCP) 53507 + 356
Series II ~ V(a P) + O(®P) 53419 + 293
Series Il V(a 2G) + O(°P) 53136 + 262
Series IV V(a ?P) + O(P) 53075 + 230
Series V. V(a ?Dy) + O(*P) 53007 + 225
Series VI V(a*H) + O(®*P) 53066 + 234
Series VII ~ V(b'P) + O(*P) 53143 + 329
Weighted average 53190 + 261

The Dy(VO) values from Series I — VII are in good agreement with each
other, and with the Dy value evaluated with the data in the vicinity of the
v’ = 3 transition. The agreement of Dy(VO) values derived from different
series also further supports the assignments of the identified exit channels.
The weighted average value for Dy(VO) also compares well with the available
literature values. The value for the dissociation energy from this work lies
within the range for the Dy(VO) value determined by Pedley et al. (51942 +
1613 cm™!), but is slightly higher than the upper limit of the Dy(VO) value by
Balducci et al. (52345 + 726 cm™*

of the error limits nonetheless falls within the range given by Balducci et

). The Dy value from this work inclusive

al. It should be pointed out that there is an intrinsic uncertainty in the
measurements performed with Knudsen cell mass spectrometry, which can
only determine dissociation energies relative to that of a reference sample.
In our view, this VMI study provides a more accurate, direct measurement
of Dy for VO.
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6.3.4 Images Around v’ = 4, 5 and 6

Figure 6.12: TKER spectra recorded at the positions of the vibronic bands of the C*X~ -
X%~ (v’ =4 -7, 0) system. Black: Experimental TKER spectra. Red: Simulated TKER
spectra for different product quantum states of the vanadium co-fragment. In all instances,
Do(VO) = 53190 £ 261 cm~! is used and photodissociation is thought to proceed at the
three-photon level. FWHMSs are based on the error contributions from the uncertainties in
the Dy, and vanadium and oxygen quantum states. Relative amplitudes of the simulated
features are fitted to the experimental data. Green: Cumulative fit for the simulated data
for the photodissociation at v’ = 7 (in all other instances, there are no overlapping features
in the simulated TKER spectra). Inset: Velocity map image recorded at each vibronic
band. The left side corresponds to the raw image and the right side corresponds to POP
reconstructed central slice. If not stated otherwise, the labelled states refer to the “a”
electronic states of vanadium. The oxygen co-fragment is assumed to be formed in the

ground electronic state (°P).
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TKER spectra recorded at v’ = 4 - 7 transitions of the C*¥~ - X*¥~ sys-
tem are shown in Figure 6.12. Photodissociation at v’ = 4 yields an image
with surprisingly poor signal-to-noise resolution, which hints to an inefficient
photodissociation process at this particular energy. Nevertheless, the simu-
lated spectra allow for an identification of production of the vanadium atom
in the a *D and a *F quantum states. Less convincing is the production of

vanadium in the a %D state.

At the transition corresponding to the energy of v’ = 5, three distinct features
are observed in the TKER spectrum. These features match well with the
formation of the vanadium atom in the a ?G, a *P and a “F electronic states.
The predicted TKER spectrum matches well for the three identified quantum
states, albeit the position of the peak for the *F state in the simulated TKER

spectrum is slightly higher than observed experimentally.

The TKER spectrum for the v’ = 6 transition, shows a strong propensity
for the production of the vanadium atom in the a 2G state. Additionally,
the less intense feature with slightly higher TKER forms vanadium in the a
4P state. Both of the simulated features are in excellent agreement with the

experimental data.

Lastly, the TKER spectrum recorded at the energy of the v’ = 7 transition
displays numerous features. The simulated peaks correspond to production
of vanadium atom in the b 4P, a *H, a 2D,, a %P, a 2G and a “P electronic
states as identified previously (c.f. Figure 6.11). All six features in the

simulated TKER spectrum for v’ = 7 agree well with the experimental data.

The velocity map image at v’ = 0 is inconclusive. At the energy of the C*X~ -
X*¥7(0, 0) transition, three photons would not be sufficient to take VO over
the dissociation threshold. Photodissociation might occur at a four-photon
level, however, the data only at v’ = 0 is insufficient to draw any indisputable

conclusion.

The dynamics of VO photodissociation is intriguing. The intermediate vi-
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brational state of VO appears to be of crucial importance in guiding the
photodissociation. In the vicinity of the v’ = 7 transition, some new features
arise even when accessing either the C*X™ - X*X7(7,0) and 3 21T - X*¥7(2,0)
vibronic transitions. The vibrational states appear to act as a “springboard”
to the dissociation continuum. Different repulsive states may be accessed at
different excitation energies. These repulsive states then lead to the produc-
tion of photofragments in different product quantum states. However, no
experimental or computational studies are available for any repulsive states

that might be accessed at the excitation energies in this work.

6.4 Conclusions

This work represents the first complete investigation of photodissociation dy-
namics following the modification of the Oxford VMI spectrometer equipped
with a laser ablation cluster source. The results demonstrate successful im-
plementation of the new VMI electrostatic lenses setup and provide a new
avenue to study neutral metal-based complexes using the instrument initially

intended for charged species.

Velocity map images were recorded over the visible range in the vicinity of
the C*¥~ - X437 (v,0) vibronic transitions. This work produced a refined
value for the dissociation energy of Dy(VO) = 53190 + 261 cm™! from eight
different sets of experimental data. All Dy(VO) values determined in this
work are self-consistent. The value for Dy(VO) determined by VMI lies

within the range given by Pedley et al. and Balducci et al.339352

VMI investigation of the photodissociation dynamic of VO also revealed a
strong dependence of vanadium product quantum states on the interme-
diate vibronic state of VO accessed in reaching the dissociation threshold.
While the spectroscopy of VO is well-understood near the electronic ground
state, higher-lying states are still poorly characterised. Additional spectro-

scopic and theoretical investigations would be required to fully understand
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the potential energy surfaces accessed in reaching the photodissociation con-
tinuum. In the visible spectral range, the vanadium atom photofragment
was produced in all electronic states between the ground *F and the ninth
excited electronic state, b *P. No conclusive evidence was observed for the

production of O atom in anything other than the ground ®P state.
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Chapter 7
Summary and Outlook

This work aimed to provide additional insight into the spectroscopy and bind-
ing motifs in metal ion-molecule complexes. A new purpose-built IR-REPD
spectrometer equipped with a laser ablation source was employed to study
the infrared spectroscopy of isolated metal-containing complexes. Metal ion-
molecule complexes are produced in a cutaway ablation block specifically
built to maximise the production of metal ion complexes with weakly-bound

ligands.

The results in Chapter 3 demonstrate the efficient performance of the new ab-
lation block with the production of Rh*(CO,),,, VO3 (N50),, and Au*(CHy),,
complexes. The ablation block thus allows production of intense atomic
metal ion signals complexated with various ligands in sufficient abundances
to be photodissociated by the IR-OPO/OPA laser and detected in a Wiley-
McLaren time-of-flight mass spectrometer. Performance of the IR-REPD
spectrometer was characterised by recording the infrared spectra for the well-
studied VT(CO,),, complexes - the resulting spectra from this work are in

good agreement with the literature.?7»27

IR-REPD spectroscopy complemented by the density functional calculations

is a powerful tool for elucidating the structures of small metal ion-molecule
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complexes. The IR-REPD/DFT study of M™(CO,),, (M = Co, Rh, Ir) com-
plexes presented in Chapter 4 reveals a common [M*(COs)s] core for all three
ions. Successive ligands bind less strongly as evident from the reduced blue-
shift associated with these moieties. A linear structure for Co™(COs)y was
identified, whereas equivalent structures for the Rh™ and Ir* ion are found to
be bent. The trend in bond angles correlates well with the polarisability of
the metal ion - the most bent structure being for Rh™(CO;),. Interestingly,
for Irt (CO4)2 we have also observed a significant effect of an argon atom on
the relative energy ordering of the identified isomers. Here argon is not a

perfectly inert messenger.

In the IR-REPD/DFT study of MO3 (CO,),, (M = Nb and Ta) complexes
presented in Chapter 5, a remarkable similarity between the equivalent com-
plexes of the NbOj and TaOj ions is observed. Complemented with the
density functional calculations, it was shown that the common [MO3 (CO3),]
core exists for both M = Nb and Ta, with other ligands binding significantly
more weakly. A notable increase in the intermolecular bond distances for
the minimally-perturb second coordination sphere ligands coincides with a
decrease in the calculated binding energies. In order to compare accurately
the properties of group 5 MOJ cations, VO3 ion could be formed by adding
O, to the expansion gas mixture. We have, in the past, successfully formed
MO;-(COy),, complexes by seeding a small percentage of COy and Oy in

argon®™ - this is also the approach employed by the Duncan group.?®”

The legacy of this thesis will hopefully not only be the work presented herein
but also a potential for the new avenues to be explored with the experimental
setup and modus operandi outlined in Chapter 3. All complexes studied in
this thesis were cations - with some initial success we have recently formed
anionic complexes. Our group has also been extending the scope to the
complexes of COy with lanthanide ions. In addition, a study of interaction
of N,O ligands with Cu™, Ag®™ and Au™ has recently been submitted for
publication.?®® This was the first IR-REPD study involving N,O as a ligand
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and it revealed different structural isomers for gas-phase MT(N,O) (M =
Cu, Ag, Au) complexes. NyO can bind to the metal ion via the N-end or
O-end, whose specific vibrational signatures can be detected with the IR-
REPD spectroscopy and confirmed with DFT calculations. Furthermore, in
Au™(CHy), complexes we managed to observe vibrationally-enhanced dehy-
drogenation when exciting v5(t2) stretch in methane before interactions with

Au™ ions.37

This brings us to one of the ultimate goals of the IR-REPD experiment. Be-
sides performing spectroscopic measurements, the intention is to use the new
instrument to detect infrared induced reactivity involving metal-ion com-
plexes, too. Our group has previously observed infrared induced reactivity
in N,O adsorbed on a rhodium cluster.3™ While the aforementioned study is
performed by exciting metal-metal modes using a free electron laser, it would
be of a significant interest to try to guide chemical reactions mode-selectively
by exciting ligand vibrational modes using the IR-OPO/OPA laser.

Interesting systems might involve mixed-chromophore complexes. For ex-
ample, by co-adsorbing CO; and Hy on a cluster one may drive chemical
reaction by exciting one of the available vibrational modes. The behaviour
of such system is mostly unknown and many questions arise. What happens
upon the absorption of a photon in a mixed-chromophore complex? Is the
more weakly-bound ligand always preferentially desorbed or can excitation
of different vibrational modes lead to different branching ratios of products?

Future IR-REPD experiments can shed a light on this fundamental process.

For the studies described herein, the Wiley-McLaren time-of-flight mass spec-
trometer was used in a linear mode. The instrument has a potential to be
used in a reflectron mode and preliminary experiments have shown that this
leads to the expected improvement in the mass resolution. Furthermore,
in the current experimental setup we use no mass selectivity. In order to
further improve the experiment, plans exist for a mass-selectivity stage in-

volving a quadrupole ion guide that would permit for the recording of an
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infrared spectrum of a particular complex at zero background. This would
ensure that only complexes of interest reach the extraction stage, where they
can be probed by the IR-OPO/OPA laser.

In this work, a VMI study of VO photodissociation in the vicinity of the
C*%~ - X*¥7(v',0) vibronic transitions reveals a strong dependence of the
product quantum states on the intermediate vibrational state accessed in
reaching the dissociation continuum. The photodissociation is rationalised
to occur in a three-photon process with the first photon loosely resonant
with a vibrational level in the C*¥~ progression. This study also yields a
refined value for the dissociation energy of Dy(VO) = 53190 + 261 cm™!,
which is in good agreement with the literature experimental and theoretical
values. The refined value for the dissociation energy will also find its place
in astrophysical and astrochemical models.?*® This is expected to lead to a

better understanding of exoplanet atmospheres.

The VMI experimental apparatus also has a capacity to study charged sys-
tems, developed during the course of the above studies. Apart from sparse
quantum chemical calculations and CID experiments by the Armentrout
group (see Section 1.6 and the references within), the binding energies of
ligands, particularly those in the outer coordination shells, are mostly un-
known. Also, due to its postulated use in hydrogen storage, the accurate
determination of binding energies is particularly important for M™Hy com-

plexes (see section 2.5.2).

The modified VMI spectrometer includes a Wiley-McLaren acceleration stage
which allows for the mass selection of ions, ensuring that only species of
interest are photodissociated. Each complex can thus be probed with zero
background signal. Particularly for larger metal ion-molecule complexes, an
absorption of a photon can lead to loss of several ligands. This process,
yielding several photofragments, can then be detected with VMI. Recent
developments of high-repetition rate detectors such as PImMS,?*¢ would even

allow for a simultaneous detection of various photofragments.
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Planned further modification of the VMI instrument will include a neutral
molecular beam in a crossed-molecular beam setup in order to study ion—
neutral reaction. This would allow the investigation of reactions such as
an O-atom abstraction from COs or N,O by a metal ion. The kinetics of
an O-atom abstraction from CO, by Nb* and Ta't are well understood.??”
However, the knowledge of particular potential energy surfaces accessed still
poses a challenge for the theory and experiments. Other target systems
include the FeO' mediated conversion of Hy into HyO (see section 1.3) which
is believed to proceed on multiple potential energy surfaces. VMI would allow
for accurate determination of the product quantum state distributions and
together with quantum trajectory simulations be the final arbiter over the

reaction profile of this reaction.

In addition to a VMI photofragmentation study of VO, the results presented
herein demonstrate a powerful scope for a complementary use of the quan-
tum chemical calculations and experiments in the elucidation of fundamental
binding motifs between a metal ion and molecules. This thesis thus epito-
mises the conceptual framework isolated metal-containing species can provide
in the quest to rationalise the fundamental chemical processes occurring at

a molecular level.

In short, the instrument and technique development described in this thesis
lay the foundations for exciting new areas of research in the Mackenzie group.
The metal-ligand complexes which form the subject of much of this work
represent a complementary development from the metal clusters the group

has studied previously.
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Figure A.1: Experimental IR-REPD spectrum for Co™(COz)s—Ar together with the sim-
ulated IR spectra for Cot(COz)2 (structure c1) and its Ar-tagged counterpart (structure
c1*). All calculations are performed at the B3P86/Def2TZVP level of theory. The vertical

dashed line marks the position of the asymmetric stretch v3 in an isolated COs.
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Figure A.2: Experimental IR-REPD spectrum for Co™ (COz)3—Ar together with the sim-
ulated IR spectra for Cot(COz)3 (structure ¢2) and its Ar-tagged counterpart (structure
c2*). All calculations are performed at the B3P86/Def2TZVP level of theory. The vertical

dashed line marks the position of the asymmetric stretch v3 in an isolated COs.
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Figure A.3: Experimental IR-REPD spectra for Co™(COs3)g_g—Ar and Co™(COz)1g.
The vertical dashed line marks the position of the asymmetric stretch v3 in an isolated
COs.
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Figure A.4: Experimental IR-REPD spectra for Cot(COs2)11_15. The vertical dashed

line marks the position of the asymmetric stretch v3 in an isolated COs.
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Figure A.5: Experimental IR-REPD spectrum for Rh*™(CO3)o—Ar together with the
simulated IR spectra for Rh™(CO3)y (structures rl and r2) and its Ar-tagged counterparts
(structures r1* and r2*). All calculations are performed at the B3P86/Def2TZVP level

of theory. The vertical dashed line marks the position of the asymmetric stretch v3 in an
isolated COs.
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Figure A.6: Experimental IR-REPD spectrum for Rh™(CO3)3—Ar together with the
simulated IR spectra for Rh™(CO3)y (structure r3) and its Ar-tagged counterparts (struc-
ture r3*). All calculations are performed at the B3P86/Def2TZVP level of theory. The

vertical dashed line marks the position of the asymmetric stretch v3 in an isolated COs.
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Figure A.7: Experimental IR-REPD spectra for Rh*(CO3)g_o—Ar and Rh™(COz3)1g.
The vertical dashed line marks the position of the asymmetric stretch v3 in an isolated
COs.
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Figure A.8: Experimental IR-REPD spectra for Rh™(COz)11_15. The vertical dashed

line marks the position of the asymmetric stretch v3 in an isolated COs.
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Figure A.9: Experimental IR-REPD spectra for Irt(COs)g_10—Ar. The vertical dashed

line marks the position of the asymmetric stretch v3 in an isolated COs.
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Figure A.10: Experimental IR-REPD spectra for Ir™(CO3)11_15. The vertical dashed

line marks the position of the asymmetric stretch v3 in an isolated COs.
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Figure A.11: DFT calculated structures for Rh™(CO3),. The partial charges derived

from the Mulliken population analysis are included for a) structure r1 and b) structure r2.
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Figure A.12: DFT calculated structures for Irt(COz)s. The partial charges derived

from the Mulliken population analysis are included for a) structure il and b) structure i2.
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