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Transition metal complexes play an important role in many aspects of chemistry; whether
in supporting biological functions, as catalysts for organic reactions, in the environment, or in
industry. This thesis is comprised of gas-phase spectroscopic studies of four transition metal species
with implications for many different chemical applications.

Most knowledge of the target molecules in this thesis are derived from studies in the condensed
phase, where the chemical environment can change molecular properties. As a result, it is difficult
to gain an understanding of the intrinsic properties in solution as well as a molecular-level picture
of chemical reactions that take place where many oxidation states, molecular species, and solvent
interactions occur. By isolating one particular species in the gas phase, we are able to observe how
each species interacts with light independent of perturbing effects of solvent and counter ions.

In this thesis, we perform spectroscopic experiments on mass-selected ions in the gas phase,
where we are able to gain information on intrinsic molecular properties without the influence of a
condensed phase chemical environment.

We employ photodissociation spectroscopy, where we mass-select a particular ionic species
from solution and irradiate that molecular ion with the output of a tunable laser in the ultraviolet
and visible regions. By monitoring the fragments produced, we can obtain an electronic absorption
spectrum of the isolated species as well as gain insight into the photochemistry of the ions under
study from the fragmentation pathways observed. We combine this method with solution absorption

spectra as well as electronic structure calculations.
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Chapter 1

Introduction

1.1 Motivation

The aim of the experiments described in this thesis has been to provide insight into the
chemistry of a series of scientifically interesting and important transition metal complexes. These
species have all been studied previously, mostly in the condensed phase, where the interaction with
their chemical environment changes their properties. By combining gas-phase techniques, allowing
us to isolate these molecules in the absence of counter-ions or solvent we are able to obtain a more

complete picture of their spectra and photochemistry.

1.2 Spectroscopy in the Gas-Phase

Gas-phase, mass-separated spectroscopic techniques offer the advantage of untangling the
complex electronic structures seen in condensed phase spectroscopy. In mass-selected, ion beam
experiments, we cannot use traditional absorption techniques used in solution which rely upon
reduced light penetration resulting from absorption by molecules as described by the Beer-Lambert
Law. Because the density of absorbing species in our experiment is much lower than that found in
solution (in our experiment, there are about 10* absorbing species per laser shot, while in solution
there are closer to 102°), any measurements of light attenuation would be almost impossible to
detect. We instead choose to detect a product resulting from a molecule absorbing light, in this
case photofragments. This technique, known as action spectroscopy, allows one to gain analogous

information to that seen in a solution UV /Vis absorption spectrum.



In order to understand the intrinsic electronic properties of a molecule, that is without the
influence of surrounding solvent, counter-ions, or neighboring species in a crystal, performing this
type of gas-phase spectroscopic studies is essential. By comparison of gas-phase data with those
obtained in the condensed phase, we may also learn about how the solvent or crystal environment
affects the target molecule. Our understanding of chemical reactions can also be enhanced by
studying principal species in the gas-phase. As reactions occur in solution, the abundance of
species present can make obtaining a clear picture of the mechanistic steps difficult. One may
hypothesize and perform confirmatory studies on kinetics and look for electronic signatures of
expected intermediates, but an exact picture of each molecular contribution and the role of the
solvent in facilitating chemical reactions can be difficult to determine. By studying a single species,
without solvent or other molecules present, we can excite the molecule over a reaction barrier using
photons and observe resulting bond cleavage on a species by species basis.

Gas-phase studies of transition metal ion complexes in particular have vastly improved our
understanding of their condensed phase chemistry [1-4]. Mass-selected studies may act as model
systems for understanding the complex multibody interactions which exist in solution [5,6]. Cou-
pling mass spectrometric preparation of target ions with laser spectroscopy thereby circumvents
many of the complications [7,8] of speciation of transition metal salts in solutions.

Additionally, gas-phase studies also offer important benchmarks for computational chemists.
Because most calculations of chemical and electronic properties are performed upon isolated species,
the accuracy of these calculations can be difficult to determine if only solution data are available for
comparison. Solvatochromic shifts, counter-ions, and the presence of other absorbing species can
alter the positions and intensities of electronic transitions. By providing a measure of the isolated
species’s absorption cross section, we can provide a more appropriate value for ascertaining the
accuracy of computational simulations.

In this thesis, we also interpret our gas-phase findings in the context of observing reaction
dynamics, particularly in the studies of chromate esters and permanganate. Both are well-studied

and used in the oxidation of organic species. Despite this, there remain uncertainties in the manner



by which these processes take place. In these contexts, photodissociation spectroscopy may be
a tool in understanding the molecular level picture of reaction processes. By initiating reactions
using laser excitation we can observe molecular dissociation without solvent, use computational
techniques to hypothesize changes in geometry, and extrapolate to wider reaction mechanisms.

In the technique employed in this thesis, photodissociation spectroscopy (PD Spectroscopy)
described in greater detail in the Experimentation Chapter, we mass select a target molecule
of interest, irradiate it with the tunable output of our laser system, and monitor the fragments
produced as a function of input energy. Through PD spectroscopy, one may determine a measure
of the absorption cross section and fragmentation quantum yield as a function of energy, and
gain insight into the potential energy landscape and photochemical processes. Our results are
complementary to other gas-phase experimental techniques such as photoelectron spectroscopy
(PES), collision induced dissociation (CID), and infrared multiphoton dissociation (IRMPD). In
PES, an electron is ejected by light absorption, giving information about the states of the neutral (or
monoainion, in the case of photoemission from a dianion parent). In contrast, PD gives information
about the excited state of the parent species, from which dissociation takes place.

In CID, excitation occurs via collision with electrostatically-accelerated background species.
As the target molecule collides with the background gas, energy is transferred one collision at
a time to the target, imparting the target molecule with enough internal energy to eventually
undergo fragmentation. In some cases, the energy is imparted into the molecule by low energy
collisions (slow heating). This is also the case with IRMPD, where absorption of many IR photons
is necessary to result in bond cleavage. In photodissociation using visible or UV light, on the other
hand, energy is quickly transferred into the molecule by absorption of a photon (fast heating), as
shown in Figure 1.1.

The method of energy input has important consequences. First, energy imparted to the target
by low energy collisions or absorption of many low energy photons affects the dissociation pathway
available. As soon as the target has internal energy greater than its weakest bond energy (lowest

threshold energy for dissociation), it will fragment. Any higher energy fragmentation pathways may
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Figure 1.1: Cartoon showing dissociation pathways available in slow and fast heating processes. In
a slow heating processes, most often only the lowest energy fragmentation pathway is accessible.
In a fast heating process, like UV photodissociation, all fragmentation pathways with threshold
energies below the photon energy are accessible. Adapted from [9].



not be sampled. In addition, collisions will occur with random impact parameters and the molecule
will likely have time to explore all of the accessible phase space. By contrast, in UV and visible
photodissociation spectroscopy, excitation occurs instantaneously and results in a specific electronic
transition. Excitation and dissociation may happen before the energy is parsed out throughout the
molecule, especially if dissociation occurs on a repulsive curve, where fragmentation can occur on
the time scale of a molecular vibration [10].

Photodissociation spectroscopy is an extremely powerful tool. It has two main principal
goals. The first is to obtain a gas-phase electronic absorption spectrum of the species under study.
Since photodissociation cannot occur without the molecule first absorbing a photon, the intensity
of the fragment signal will be in proportion to the absorption cross section. Second, we may obtain
a picture of dynamics in the excited electronic state as the molecule undergoes dissociation. By
examining which bonds break, the threshold energies for dissociation, and the energy-dependence
of the fragment branching ratios, we may obtain an understanding of those mechanistic pathways
and may be able to draw conclusions as to which will be important in solution reactions as well [10].

Photodissociation spectroscopy may also shed light upon the molecule’s potential energy
surface in various excited states. In some cases [11], we may observe fragment channels coupled to
specific electronic transitions, as shown schematically in Figure 1.2.

We may also obtain information about the relaxation pathway the molecule takes to dissipate

the energy imparted, which can shed further light upon the potential energy surface.

1.2.1 Relaxation Pathways

Fragmentation may occur by one of two classes of mechanisms, either direct or indirect. In
direct dissociation, the molecule is excited to a repulsive curve from which dissociation occurs with
no barrier, as shown in Figure 1.3. If the excited electronic state is dissociative, the molecule
will quickly fragment [12] and any remaining energy will be partitioned between translational and
internal energy of the resulting fragments [10].

Alternatively, indirect dissociation occurs when a barrier exists to fragmentation from the
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Figure 1.3: Schematic diagram of a direct photodissociation process.



excited state, as shown in Figure 1.4. This can occur if the molecule is excited to a bound state.

N\

energy

r,,——?

reaction coordinate reaction coordinate

L 4
L 4

Figure 1.4: Schematic diagram of indirect photodissociation processes. The left panel shows exci-
tation to a bound excited state. The right panel shows excitation to a bound state, followed by
internal conversion resulting in a vibrationally hot state, after which the molecule may undergo
fragmentation via vibrational predissociation.

Excitation is followed by internal conversion to a vibrationally hot, lower electronic state. The
resulting internal vibrational energy of the molecule allows the molecule to undergo unimolecular
dissociation. In the studies presented in this thesis, the latter is believed to be the primary frag-
mentation mechanism. We observe electronic excitations, most often attributed to ligand-to-metal
charge transfers as characterized by computational techniques described within each chapter. This
transfer of electron density onto the central metal is followed by bond cleavage on the time scale

of the experiment, approximately 20 us, from a vibrationally excited state.

1.2.2 The Role of the Solvent

One important application of gas-phase spectroscopy comes from comparisons with condensed
phase data. Specifically, by comparing photodissociation-generated spectra with those obtained in
solution, we can gain insight into the effect solvent perturbations have on electronic transitions.

Depending on the geometry of the molecule, the nature of the electronic energy levels involved in



a transition, and the nature of the solvent and resulting shell, we may see solvatochromic shifts

either to higher or lower energy, or see very little difference at all, as shown in Figure 1.5.
Free molecule Solvated molecule
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Figure 1.5: Illustration of the perturbing effects of solvent resulting in observation of a solva-
tochromic shift between gas-phase and condensed phase spectra.

Solvent molecules also play an important role in either enhancing reactivity, for example by
stabilizing the transition state or weakening bonds, or reducing reactivity, for example if the solvent
shell limits reactants’ proximity [13]. In solution, the specific role of the solvent may be difficult
to determine, but by removing it, we can obtain a notion of its role using the contrast between

gas-phase and solution data.

1.3 Target Molecules

The species studied in this thesis, though all transition metal complexes, are diverse. Each
has a unique set of properties, applications, and find wide use in scientific and industrial pursuits,
yet questions remain about their chemistry. In each study, we observe at least one fragmentation
channel which results in reduction of the central metal. Photoreduction or photo-induced reduction
has a variety of potentially important uses. As exemplified in the Chromate Chapter, photoreduc-
tion can play an important role in environmental remediation of a dangerous chemical species. It

may also be possible to use photoreduction in the formation of metal nanoparticles from transi-



tion metal salt precursors (as in the Copper Nitrate and Hexachloroplatinate Chapters) [14, 15].
Photoinduced redox chemistry is also an important mechanistic tool in many chemical reactions,
for example, the photoinduced oxidation of organic species (as in the Permanganate and Chromate
Chapters). In each case, we combine gas-phase spectra with computational and solution absorption
data to elucidate the target molecules’ intrinsic properties and explore how those properties affect

its wider chemistry and chemical applications.
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Chapter 2

Experimentation

2.1 Overview

The instrument described in this chapter was built and characterized by my predecessor,
Jesse Marcum. In this chapter, an overview of the experimental set-up will be discussed. For a
more in-depth description of the experimental set-up used, see [1].

To accomplish the goals of this work as outlined in the Introduction, it is necessary to
combine a mass spectrometer, with an ion source allowing for gasification and mass separation of a
species in solution, with a tunable laser system for photoexcitation. In electronic photodissociation
spectroscopy, one UV or visible photon is used to excite an electronic transition of an ion in the
gas-phase which may result in the breaking of one or more bonds.

A schematic representation of the process is shown in Figure 2.1, with the permanganate anion

(MnO,4 ™) as an example. Photons of suitable energy can excite the target molecule to an excited

Yy — ~

MnO, [MnO,T* MnO; + O°

Figure 2.1: Schematic view of photodissociation process.

electronic state. If the photon energy is greater than the fragmentation energy of the molecule,

dissociation may occur, resulting in the formation of charged and neutral fragments. We obtain a
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photodissociation action spectrum by monitoring the fragment ion signal as a function of changing
photon energy. An overview of the experimental steps required to obtain photodissociation and
mass spectra is shown in schematic form in Figure 2.2, each of which will be described in greater

detail in this chapter.

Conversion ’
fras Acceleration of Mass Spectrum
Source of : Parent lons P .
F* Continuous to Detection

Gaseous lons & Mass-
Pulsed lon :

Separation

Source

Photodissociation Spectrum

Separation of

Laser Photofragment
Interaction and from Parent
Dissociation lons and
Neutrals

Figure 2.2: Block diagram outlining the essential steps of the experimental set-up for obtaining
mass spectra and photodissociation spectra.

The experiment begins by transitioning ions of interest from solution into the gas-phase.
Tons are accumulated in an ion trap and undergo mass separation in a mass spectrometer. By
monitoring the mass-separated signal, we may obtain a mass spectrum of the ions generated from
solution. Alternately, we may select a particular parent ion of interest and irradiate it obtain a
photodissociation spectrum. A full schematic of the experimental instrument used is shown in
Figure 2.3.

Ions in solution enter the gas-phase using an electrospray ionization source (ESI). These ions
are then accumulated in a radio-frequency hexapole ion trap and guide. We use this ion trap to
convert from a continuous source of ions, as generated from the electrospray, to a pulsed source
to allow for time-of-flight mass spectrometry and to ensure better overlap with our pulsed laser
system and increased signal-to-noise. The ions are then focused into the acceleration region of
our Wiley-McLaren Time-of-Flight Mass Spectrometer (TOF-MS) using ion optics. The ions are

accelerated perpendicular to the flight path generated by the source to separate the ions of interest
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Figure 2.3: Schematic of the complete experimental set-up with regions outlined in the text shown.
The ion trajectory through the field-free region is shown by the dashed line.
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from neutral species and residual solvent. Other charged species produced by the ESI may be
eliminated from the mass spectrum based on their mass-to-charge ratio (m/z) by adjusting the
time between extraction from the hexapole trap and acceleration down the flight tube. To obtain a
photodissociation spectrum, parent ions are irradiated with the output of our tunable laser system
at the first space focus of the TOF-MS. After traveling through a field-free region, ions are then
mass-separated using a dual-stage reflectron, reflected, and travel back down the field-free region
where they are finally detected on the reflectron microchannel plate (MCP) detector.

The pressures in our vacuum chambers are controlled with a series of roughing and turbo-
molecular pumps. The pressures in various regions of the chamber, along with pump type, and

estimated mean free paths of ions in that chamber are listed in Table 2.1.

Pumping | Experimental | Pump | Pumping | Pressure | Mean Free
Stage Description Type Speed (mbar) Path (cm)
0 electrospray none N/A 831 2x107°
1 skimmer roughing | 65 m?/h ~10~1 0.16
2 trap entrance | roughing | 65 m3/h ~1072 01.57
3 trap exit turbo 350 L/s ~10~4 157
4 acceleration turbo 350 L/s ~10-° 15,709
5 flight tube turbo 520 L/s ~10~7 157,099

Table 2.1: Pressures used in regions of vacuum chamber along with pumping speeds and estimated
mean free path for ions in those regions.

The mean free path is estimated from the kinetic theory of gases according to the following

equation:

_ kgT
V2po

where ) is the mean free path, kp is the Boltzmann constant, T is the temperature (taken to be 300

A

(2.1)

K), p is the pressure, and o is the collisional cross section of the colliding and stationary molecules.
In this case, the background gas is the stationary molecule and the colliding molecule is the parent

ion of interest. The collisional cross section was estimated according to:
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O=T" dcolliding : dstationary (22)

where dioiding is estimated using the calculated diameter of the permanganate ion, ~4.0 A (see

calculation details in Chapter 4) and dsiationary is the diameter of nitrogen gas (taken to be ~1.5121).

2.2 ESI Source

The entire source region of the instrument is shown in Figure 2.4 as adapted from [2].
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Figure 2.4: Zoom in of ESI source region of the instrument as adapted from [2].

The technique of electrospray ionization was developed as a method to promote large, fragile
molecules into the gas-phase, especially biomolecules [3,4]. A cartoon of the process is shown in
Figure 2.5. To generate negative ions in the gas-phase by ESI, a solution containing the species
of interest is injected through a capillary tube held within a stainless steel needle charged to
about -2000 V. At the exit of the needle, edge effects from the needle create a strong electric field

which generates a cone of liquids, called a Taylor cone [5,6]. When sufficient Coulomb repulsion
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Figure 2.5: Cartoon representation of the electrospray ionization process.

16



17

builds up, charged droplets will be expelled away from the Taylor cone towards the desolvation
capillary and the entrance to the vacuum chamber. The Coulomb repulsion within the droplets is
in competition with cohesive surface tension holding the droplet together. As solvent evaporates,
the charge density increases leading to an eventual Coulombic explosion and fission of the droplets
into smaller droplets. The electrostatic explosion of a hypothetically spherical droplet should occur

when the Rayleigh limit is reached according to [6],

P =8-71¢-v-D? (2.3)

where q is the charge on the droplet, ¢y is the permittivity of the environment, ~ is the surface
tension, and D is the diameter of the droplet. Destruction of the droplet is actually observed to
occur before the Rayleigh limit is reached owing to mechanical deformation away from a spherical
shape which reduces the internal charge necessary to overcome the cohesive forces [7].

Eventually, all solvent is either evaporated away or the negative ions are expelled from the
droplets. Acceleration towards the entrance of the capillary occurs by two mechanism: the electric
field from the needle to the capillary entrance held at approximately -100 V, and gas flow into the
chamber.

This simplified picture of ESI overlooks an important point necessary for the successful op-
eration of an electrospray ionization source: in order to generate a flow of negative ions into the
chamber, an equal number of positive ions must be electrochemically reduced at the needle tip in
order to complete the circuit of ion flow. This fact has a bearing on the solution which results in
the best ion signal. For negative ion ESI, an acidic solution is often used because the mobility of
the protons in solution facilitates charge neutralization [7].

The solvent of choice, concentration, pH, and spraying condition must be optimized for each
chemical system. Depending on the solubility of species to be studied, water is often used to
dissolve the solid salt, then the solution is spiked with methanol or acetonitrile to improve the

facility towards electrospray. Because water has very high surface tension, the desolvation process
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is hindered in a purely aqueous solution. Water may be used, but a much higher needle voltage is
necessary for efficient droplet formation (-3000 V and higher in our setup).

It should also be noted that the species resulting from the ESI may not necessarily reflect
what is present in solution [8]. A preponderance of charge within the droplet may result in a
self-selection of those species which are able to accommodate excess charge. It may also lead to
chemistry between analyte molecules or analyte-solvent interactions which would not be observed
under normal solution conditions.

As the ions travel from the electospray needle through the desolvation capillary and through
a skimmer (diameter of 1.5 mm), some species which are stable in solution may dissociate or be
neutralized. As the ions are propelled from the capillary towards the skimmer, they undergo a large
number of collisions with the background gas. The force of the collisions, and resulting transfer
of energy to the ion will be determined by their kinetic, governed by the potential difference
between the capillary and skimmer. For fragile species or those with high enough internal energy,
unimolecular decay of the desired parent species may take place, reducing parent ion signal. For
this reason, it is necessary to optimize the difference between the capillary and skimmer voltages to
minimize collision-induced dissociation but still allow for ion transfer into the ion trap and guide.

The droplets enter the vacuum chamber through the desolvation capillary which may be
heated to expedite evaporation of the solvent. In the experiments performed for this thesis however,
no heating was used. The desolvation capillary is 21.5 cm long and has an inner diameter of 0.508
mm. The desolvation process is extremely effective, ensuring no solvent remains on the parent ions.
This can be a detriment as it may be scientifically beneficial to maintain some solvent molecules
surround the of the ion of interest. In planned future modification to the experimental setup, the
desolvation capillary will be significantly shortened to allow for the study of solvated ions.

As the ions exit the skimmer which separates the first and second differential pumping regions,

they enter into radio frequency hexapole ion trap and guide.
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2.3 Ion Trap and Guide

The linear hexapole ion trap and guide is based on designs developed by Gerlich and co-
workers [9-11]. Ions are trapped radially by rod-shaped electrodes which alternate in voltage
polarity at a frequency between 2 and 10 MHz (depending on the m/z of the ions being trapped),

as shown in Figure 2.6.
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Figure 2.6: Cartoon Representation of the Hexapole Ion Trap and Guide. Each of the six blue
and red circles represents one rod within the hexapole trap. Each rod alternates polarity between
positive, represented by red, and negative, represented by blue. An anion in the center will be
attracted to the electrodes of positive polarity, then, as the electrode reverses polarity, the anion
will be repulsed, as shown by the arrow in the center of the trap. The frequency of the polarity
reversal is such that the ion is not able to escape from the trap.

An anion in the trap will be attracted to a pole of positive polarity, but will not be able
to reach the electrode and escape the trap before the polarity of the electrode changes. The ions
feel a net trapping potential with an effective minimum centered within the hexapole. The voltage
applied to the six electrodes of the trap may be adjusted to optimize the ion trapping and minimize
RF heating with typical amplitudes ca. +/- 700 V. The hexapole ion trap and guide is pivotal
to the proper functioning of this experiment. Its primary function is to accumulate ions from
the continuous electrospray source into a more dense ion packet. This strategy allows the ions to
be injected into a pulsed TOF-MS and optimizes interaction with the pulsed laser output. The
hexapole also acts as an ion guide through the second differential pumping stage whose pressure
is too high to rely upon electrostatic ion optics efficiently. The ions are stored for a period of 25
ms. During this time, the ions reach thermal equilibrium by collisions with neutral background

gas. As the ions enter the trap from the ESI and desolvation capillary, they may have a broad
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internal energy distribution owing to adiabatic cooling and collisional heating during formation and
transport within the vacuum region. Since the trap is at room temperature, the ions will leave the
trap with a thermal energy distribution, around 300 K.

The ions are axially trapped by the skimmer, which acts as an entrance electrode, and two
end-cap electrodes. The cycling of the voltage applied to the exit electrodes enables three actions:
trapping of the ions, removing the barrier towards ions leaving the trap, and acceleration of the
ions away from the trap towards the TOF acceleration region. By adjusting the ratio of applied
voltages to the electrodes, it is possible to roughly focus the parent ions of interest in time as them
reach the acceleration region. In order to improve the spatial resolution of the ion packet as it

leaves the trap and enters the acceleration region, we employ a modified Einzel Lens [1,12].

2.4 Reflectron Time-of-Flight Mass Spectrometer

Mass separation in preparation for irradiation is performed using a Wiley-McLaren reflectron
time-of-flight mass spectrometer (TOF-MS) purchased from R.M. Jordan and used with minimal

modifications.

2.4.1 Acceleration Region

Using a series of three electrodes (repeller, extractor, and grounded electrodes) as originally
outlined by Wiley and McLaren [13], the ions are accelerated down a field-free flight tube perpen-
dicular to their trajectory upon leaving the hexapole trap. The two acceleration fields focus ions
with different initial positions and velocities as they enter the acceleration region. In addition, the
location of the space focus of the mass spectrometer can be selected by adjusting the voltages ap-
plied to the repeller and extractor plates. The back, repeller plate of the accelerator is held at -4.0
kV, while the extractor is typically biased at -3.5 kV, imparting ions with an average kinetic energy
of approximately 3.7 keV. As the ions of a particular mass travel through the field-free region, the
faster ions catch up with the slower moving ions created toward the front of the acceleration region,

meeting at the space focus at the same time.
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As the ions are accelerated perpendicular to their initial trajectory, they retain momentum
in their initial direction. To correct for this and ensure the ion trajectory results in their reaching
the desired position for detection at the reflectron MCP shown in Figure 2.3, an ion lens and series

of steering deflector plates are employed directly after acceleration.

2.4.2 Laser Interaction Region & Mass Gate

We select the space focus of the TOF-MS to be at the laser interaction region, where the ion
packet is irradiated with the output of a tunable laser system. At the space focus, an MCP detector
may be rotated down into the ion path, allowing adjustment of the extractor voltage and ion optics
to ensure the narrowest possible temporal distribution of the ion packet and the greatest overlap
with the laser beam and consequently optimized fragment ion signal. At this point in the ion path,
we may also choose to employ a home built mass gate to suppress unwanted ions of similar masses
as the ions under study, as previously described [14]. The mass gate briefly consists of a series
of alternately charged parallel plates. A voltage is applied to the mass gate electrode, deflecting
unwanted ions out of the ion beam. As the ions of interest approach the mass gate assembly, the

voltage is pulsed to ground, allowing these ions to pass.

2.4.3 Dual-Stage Reflectron

The reflectron consists of a series of electrodes which generate a field acting as an ion mirror,
allowing for improved mass resolution as well as secondary mass separation of the parent and
fragment ions [15]. The reflectron corrects for disparities in initial kinetic energy of the parent
ions. Ions with greater kinetic energy will be able to penetrate deeper into the retarding field of
the reflectron, taking longer to turn around. Slower ions of the same mass-to-charge ratio will be
turned around more quickly.

After photodissociation, all ions continue to travel down the field-free flight tube towards the
reflectron with the same velocity, regardless of mass changes resulting from fragmentation. While

parent and fragment ions travel through the field-free region together, the fragment ion kinetic
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energy has changed. As they reach the reflectron, lighter fragment ions will be turned around more
quickly, owing to their reduced kinetic energy as a result of reduced mass upon fragmentation [7].
Fragment ions are thereby temporally separated from remaing parent ions as they travel back down
the flight tube towards the MCP detector. Neutral fragments, unaffected by the reflectron electric
field, travel straight through where they may be detected on the linear MCP detector.

To describe the manner of fragment ion separation, we can first examine the penetration

depth of the parent ion into the reflectron:

E,L

zp(V1) = W

(2.4)

where x,(V1) is the depth of the parent ion penetration as a function of the reflectron voltage,
L is the length of the reflectron, Vi is the reflectron voltage, assuming a one-stage reflectron for
simplicity, E, is the kinetic energy of the parent ion, and z is the charge of the ion. The kinetic
energy of the parent upon entering the reflectron is:

2
mpVv

E, = 5

(2.5)

where v is the velocity of the parent ion along the axis of reflection and m,, is the mass of the
parent. Since the average velocity of the ion within the reflectron will be equal to one half their

entering velocity, the time spent within the reflectron, t,, will be equal to

dz, A4E,L

t, = 2.6
P v vzVp (2:6)
Likewise, the time of the fragment ion in the reflectron will be:
dry AE¢L
tp=—L = _—J— 2.7
! v vzVi (2.7)

We may determine a scaled reflectron voltage, Vo, such that the time in the reflectron for the

fragment is the same as that of the parent with the original reflectron voltage, V1, such that:

_ 4B, 4B, my

=P ¢ .= 2.
Py ! vzVo  my (2:8)
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Since all ions will retain their initial velocity upon leaving the reflectron, the flight time of the
fragment ions to reach the MCP using a scaled reflectron voltage, Vo will be the same as the

parents under initial reflectron voltage, Vi, assuming Vs is calculated according to,

Vo my

2.9
7= (2.9)

We may therefore identify and select the expected fragment masses resulting from photodissociation.

The secondary reflectron voltage may be adjusted to optimize temporal focussing of the ions
at the MCP. The reflectron voltage is typically -4.0 kV, the same as that applied to the accelerator.
The focusing voltage is selected as a percentage of the reflectron voltage.

This description is based on parent and fragment species being singly charged, but the same
argument applies for dianion parent species. The only difference in this case is that the fragments
have a higher m/z than the parents, so the reflectron voltage must be scaled up rather than down
to allow fragment ions to arrive at the detector at the appropriate time. For doubly charged
species, for example PtClg?~ in Chapter 6, the reflectron may be turned up as high as -4.5 kV. To
accommodate all ion fragments, it is necessary to turn down the acceleration voltage to -2.25 kV
(half of -4.5 kV) allowing for detection of fragment ions resulting from the loss of an electron with

twice the m/z of the parent dianion.

2.5 Tunable Laser System

The versatility of this experimental set-up is due in part to the laser system used which
consists of a pump laser, an optical parametric oscillator (OPO), and a set of non-linear optical
crystals to perform second harmonic generation (SHG) or sum frequency mixing (SFM). This laser
system allows us to generate wavelengths between 2200 and 220 nm.

We employ a Neodymium-doped yttrium aluminum garnet (Nd:YAG) solid-state pump laser
(Innolas Spitlight 600). Q-switching is employed to maximize population inversion prior to lasing
and obtain pulses with 5-7 ns duration. The repetition rate of the laser is 20 Hz. The output of

the beam of the Nd:YAG (A=1064 nm) is frequency doubled to 532 nm, then mixed with residual
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1064 nm light to generate 355 nm. The 355 nm output is separated from any residual 1064 nm and
532 nm light, then is used to pump the OPO and SHG/SFM stages with a power of between 2-2.5
W (100-125 mJ /pulse).

The OPO (GWU preciScan ULD) consists of a resonator and nonlinear crystal, here a type
IT -barium-borate (BBO), to perform parametric conversion. Within the crystal the pump laser

beam, wy, is converted into two lower energy beams, the signal, ws, and idler, w;, such that:
Wp = Ws + Ww; (2.10)

In order to see build up of any particular signal/idler frequencies, the phase-matching condition

must be met:

— = =
k, = k; + k; (2.11)

where ? is the wave vector of each beam. The phase-matching condition, and thus selection of the
signal and idler wavelengths is met for a single pair of wavelengths by the angle of the BBO crystal
with l?p [16,17]. Two crystals are employed for conversion within the OPO to reduce necessary
size and thus cost of the crystal required to tune over the entire wavelength range. The wavelength

ranges accessible by each of the crystal regions of the OPO are shown in Table 2.2.

Crystal | Signal Frequency Range | Idler Frequency Range
Blue 415 nm - 515 nm 1140 nm -2450 nm
Red 505 nm - 710 nm 710 nm -1190 nm

Table 2.2: Range of signal and idler wavelengths generated by the two nonlinear crystals in the
OPO.

The output beam from the OPO then enters the SHG/SFM stage. We may either double
the frequency of the resulting beam (SHG) or we may mix residual 1064 nm output from the pump
laser with the signal or idler (SFM). The wavelength ranges accessible are shown in Table 2.3.

The shortest wavelength we are able to generate, on the order of 220 nm produced by fre-

quency doubling the highest energy output of the OPQO’s blue crystal, is limited by the non-linear
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Crystal | SHG Frequency Range | SFM Frequency Range
Blue 220 nm - 257 nm 299 nm - 350 nm
Red 257 nm - 354 nm 350 nm - 404 nm

Table 2.3: Range of wavelengths generated by SHG and SFM from the output of the OPO.

crystal employed, which becomes opaque to light at shorter wavelengths. The bandwidth of the

resulting laser beam is ~5 cm™!.

2.6 Data Acquisition

We may obtain a number of different types of data on a particular system using the set-up
described. The most basic information is a mass spectrum of the species resulting from ESI, an
example mass spectrum of PtClg?~ is shown in Figure 2.7. The typical mass resolution for this
instrument, m/Am, is on the order of 1,000.

A photodissociation action spectrum is generated by monitoring a particular ionic fragment
as a function of changing photon energy. We may also obtain a depletion spectrum, wherein we
monitor the parent species under irradiation and observe how the signal is reduced by the formation
of photofragments. Since no depletion spectra were taken for this thesis, this section will focus on

taking action spectra.

2.6.1 Timing

Precise timing is required to ensure the proper sequence of voltage pulses and laser pulse
as the ions progress through the instrument. Each of the components is controlled by a digital
delay pulse generator (Quantum Composer, 9518 Plus). A table including each of the components’
timing, pulse length, and reference is shown in Table 2.4.

The experiment is run at a repetition rate of 40 Hz in reference to the internal timing of
the pulse generator, called tg. Channel A controls the ion trap such that every 24.5 us, the exit

electrodes of the hexapole ion trap are pulsed allowing the packet of ions to exit. The injection into
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H Channel ‘ Referenced to | Phase ‘ Component Width (us) ‘ Delay (us) H

A to 1,2 Ion Trap 2-10 2000
B A 1,2 TOF Accelerator 4-10 15-60
C B 1,2 Mass Gate 1 8-15
D B 1,2 Q-Switch and Detector 2000 8-15
E D 1 Flashlamp 10 -215
F B 1 Signal Scope 10 0

G B 2 Background Scope 10 0

Table 2.4: Pulse timing output for experimental set-up.
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the TOF-MS is initiated by a pulse to a set of fast high-voltage, push-pull switches (Behlke, GHTS
60), after the ions ejected from the ion trap have reached the acceleration region. If used, the
mass gate is pulsed to ground at the appropriate time after the acceleration pulse. The D channel
triggers the laser pulse and pulses the front plate of the MCP as described in the following section.
The laser is pulsed at 20 Hz, half the repetition rate of the mass spectrometer, with irradiation of
alternating mass-selected ion packets. This allows for correction of baseline fluctuations during the
acquisition of a photodissociation spectrum as well as unimolecular decay of the parent species. One
oscilloscope, recording the PD signal, is triggered to coincide with the laser-on cycle (channel F),
while the other oscilloscope, monitoring the background signal, is triggered to collect data during

the laser-off cycle (channel G).

2.6.2 Reflectron MCP

The reflectron MCP, used for parent and fragment signal detection, is adjacent to the path
of the laser beam such that scattered light from the beam may hit the front of the MCP. At photon
energies less than the work function of the MCP, the light will have no effect on the signal. At
photon energies above the MCP’s work function (greater than ~3.9 eV or 315 nm) however, the laser
will cause electrons to be ejected from the MCP surface, inducing a cascade of secondary electrons.
This can deplete the charge on the MCP available for ion detection resulting in a reduced detection
efficiency and MCP gain. The MCP may not recover from saturation until well after the arrival of
the fragment ions. To combat this effect, a series of baflles were put in place to prevent light from
reaching the MCP. The components nearby were bead blasted and coated with colloidal graphite
to reduce scattering. Saturation of the MCP detector is further reduced by pulsing the front plate
of the MCP up to approximately 75% of the back plate voltage while the laser beam passes. This
reduces the voltage gradient across the detector and results in a reduced flow of secondary electrons
away from the front of the MCP. The timing of pulsing the front plate up is controlled by the same
channel that controls the laser timing ensuring that the front plate is pulsed up while the laser

beam passes.
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2.6.3 Correction for Baseline and Unimolecular Decay

In generating a photodissociation action spectrum, we wish to record a measure of the number
of fragments formed as a result of photoirradiation only. It is possible, however, for fragments
to form from the unimolecular decay of the parent species, independent of the photon energy.
Unimolecular decay likely occurs as a result of collisional activation of vibrationally hot parent
ions. Upon secondary mass separation in the reflectron and detection, these fragment ions will
add to the photoinduced signal. Because the baseline of the ion signal and the unimolecular decay
signal may fluctuate over the course of the acquisition of a spectrum, it is necessary to correct for
both at each acquired data point. By running the mass spectrum at 40 Hz and the laser pulse
at 20 Hz, we are able to alternate between acquiring a background signal and action signal. The
background signal is subtracted from the action signal to ensure a zero background over all data

points.

2.6.4 Fluence Measurements

In order to determine the fragment ion signal dependence on photon fluence, we may take
measurement of the fragment signal as a function of average laser power. To obtain a fluence plot,
we typically select the wavelength with highest observed cross section. Using a Labview program,
we take an average of twenty data points with a two second pause between each data collection
event. Plotting ion signal as a function of laser power controlled through the pump power applied,
we should see a linear relationship for a one-photon process, as was the case in all systems studied

for this thesis.

2.7 Data Analysis

2.7.1 Requirements for Photodissociation

In order to observe a photodissociation signal, four criteria must be met. First, the ion must

be able to absorb a photon at the wavelength selected for irradiation. This is the essence of why this
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technique may be used to gain analogous information to a solution UV /Vis absorption spectrum.
Because the ability of the molecule to dissociate is related to the absorption cross section, we have
access to similar information. Second, the absorption of the photon must result in fragmentation
of least one bond within the molecule. As such, the photon energy must be higher than the
dissociation energy along some pathway. Third, the excited electronic state that we access must be
dissociative or readily couple to a dissociative state. This leads to the fourth criterion, dissociation
must take place within the timescale of the experiment, that is in the time it takes for the molecule
to travel from the laser interaction region to the reflectron, where mass separation takes place. If
fragmentation takes place after mass separation, the fragment species will appear with the parent

in any data acquisition.

2.7.2 Action Spectra

In taking gas-phase photodissociation data, our aim is to determine a measurement of the
absorption cross section and fragment channel-specific photodissociation quantum yield as a func-
tion of photon energy. It is through measurement of these values that we may compare with
similar values taken in solution and ascertain the parent ion’s predisposition towards a particular
fragmentation mechanism in the context of its overall chemistry.

When obtaining raw data, we are measuring the number of fragment ions of a particular
m/z produced. The number of photoinduced fragment ions formed within the timescale of the
experiment, N(E), ideally should be directly related to the parent ion signal, Py, the photon flux
(¢p), as well as the absorption cross section (0(E)) and the quantum yield for the fragmentation

channel (Q(E)) according to:

N(E) = Py - ¢, - o(E) - Q(E) (2.12)

By rearranging this equation, we may obtain a measure of the product of the absorption cross

section and the quantum yield which we define as the photodissoicaiotn cross section [1], Q(E),
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such that for each fragment ion of interest:

(2.13)

By monitoring raw photo fragment signal, normalized to parent ion signal and photon flux, we
may directly obtain a measure of the product absorption cross section and quantum yield. In the
current iteration of the experimental set-up, we cannot normalize to parent ion signal. Variation
in parent ion signal over the period of taking a data set (usually 20 to 30 minutes, depending on
the laser region) is very small (between 0 and 5% [1]), so we may correct for any discrepancies by
averaging over multiple data sets and reversing the direction of photon energy in scanning.
Certain assumptions are built into this determination. We assume that all parent ions lie
within the volume irradiated by the laser beam, which could allow us to normalize to parent ions
based on the detected ion signal. While this may not be exactly true, it is likely that the number
of ions in the irradiation volume is proportional to the parent ion signal. We further assume that
within the irradiation volume, the density of parent ions and photon flux are both uniform. While
this is not likely true in the case of parent ion density and certainly not true when considering the
laser beam profile, inaccuracies as a result of this assumption are not considered dramatic in the
context of the experiment. We also assume that each dissociation event is the result of absorbing
only one photon. This assumption can be confirmed for each chemical system and fragment channel
observed by determining the correlation between the fragment signal and photon flux as described
in the fluence section. Finally, we are not able to obtain absolute branching ratios because the
MCP detection efficiency is dependent upon ion kinetic energy, which will be different between

parent and fragment ions of different masses.
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Chapter 3

Spectroscopy and Photochemistry of Sodium Chromate Ester Cluster lons

This chapter has been adapted with permission from:

e Kaufman, Sydney H. and Weber, J.M., Spectroscopy and Photochemistry of Sodium Chro-
mate Ester Cluster Ions The Journal of Physical Chemistry A, 2013. 117: p. 2144-2151.

DOI:10.1021/jp309380v. Copyright 2013 American Chemical Society.

3.1 Background

The chemistry of chromate is of tremendous scientific interest because of its many industrial
and scientific applications as well as its biological and environmental hazards. From holograms
to pigments to catalysts and photosensitizers [1-4], chromium compounds are used for a range
of technologies. Consequently, their solution chemistry has been studied extensively, not only to
improve their application but also to study their effects on the environment and to determine routes
towards remediation of polluted areas.

Chromium was named for the variety of colors it can assume depending on its charge state
and the other atoms in the molecule. In industry, it is used primarily for two of its most unique
properties: its color and hardness. Since 1985, more than 300 million pounds of chromate species
have been extracted and used for chromium plating, pigments, and as a chemical oxidizer [5].

Chromium(VI) is a well-documented carcinogen [6, 7] and environmental pollutant. It is
thought that the mutagenic potency of chromate stems from its mobility across the cell membrane

combined with the intermediates formed as Cr(VI) is reduced to Cr(V) and Cr(IV), as well as
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the reactive organic radicals produced concurrently [8-10]. Due to the high solubility of Cr(VI),
chromate pollution has been identified in tap water in 42 states [11]. In contrast, Cr(III), the most
stable oxidation state of chromium, is biologically inert, insoluble in water, and thus geologically less
mobile. There is also evidence that Cr(III) may support essential cell functions in mammals [12].

Because many Cr(III) compounds are insoluble in water and not a biological hazard, remedia-
tion of Cr(VI) by reduction to Cr(III) has been a subject of study by environmental chemists [13-16]
but the mechanism by which this process occurs is still not well understood. In solution, chromium
may exist in a number of species making remediation of all Cr(VI) extremely difficult. The form of
chromium is also particularly sensitive to the pH of the solution [17]. There is significant evidence
to indicate that sunlight plays an important role in natural degradation of Cr(VI) to Cr(III) [18,19]
In chromate-polluted waters, a stratification exists wherein the concentration of Cr(VI) in the shal-
lower, sunlit layer of water is much lower than in deeper water which experience reduced solar
flux. As the Cr(VI) is reduced to Cr(III), it precipitates out of solution. As such, there has been a
significant focus of research on chromate reduction as a primary step towards remediation. Other
types of remediation largely focus on chemical adsorption [16,20].

Obtaining a greater understanding of the molecular level picture by which chromate is re-
duced, specifically the process of photodinduced reduction, may help in designing better ways to
monitor [21] and remove Cr(VI) from waterways and drinking supplies.

All chromate redox reactions have been found to be photosensitive, but some occur exclusively
in the presence of light [22]. Chromate (VI) has a d° electron configuration. Its sensitivity towards
light stems from the formation of coordination complexes in solution that can undergo ligand-to-
metal charge transfer (LMCT), as a consequence of which chromium reduction may occur.

Chromates are important agents for the oxidation of organic species, but questions about the
active mechanisms remain [23-26]. Many reaction mechanisms have been suggested to describe the
chromate-induced oxidation of alcohols including the formation of cyclic chromate esters [27] and
various electron transfer pathways [28]. Chromate esters have been of interest since they were first

observed in the late 1800’s [29], and much work has been done to improve our understanding of their
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chemistry in solution. Experimental evidence suggests [30-34] that chromate esters form quickly
in reactions of alcohols with what is thought to be the main reactive form of chromate, HCrO4~,
especially at low pH. The chromate esters undergo a slow intramolecular redox reaction during
which a Cr(V) [25,35] or Cr(IV) species is formed [36]. Chromium species in high oxidation states
will continue to abstract electrons from reaction partners in solution until Cr(III), its most stable
oxidation state, is formed [37]. It is widely believed that in strong acids, the slow redox step involves
the transfer of two electrons [38], bypassing the Cr(V) oxidation state as well as the formation of
an organic radical. Without the presence of excess acid, EPR data suggest that a one electron,
outer sphere electron transfer mechanism occurs, resulting in the formation of Cr(V) and an organic
radical [39,40]. Because of the reactivity of the intermediates formed (Cr(V) and Cr(IV) as well as
organic oxyradicals), it is difficult to differentiate primary intermediates in solution, formed during
the initial chromate ester redox reaction, from the cascade of secondary and tertiary products.
The presence of many different species in any solution makes the understanding of the molec-
ular level properties of the key species from solution data alone challenging at best. Experiments
on mass-selected ions are a powerful tool to investigate molecular level photochemical proper-
ties of ionic species [41-46] and thereby circumvent many of the problems caused by speciation
in solution [47,48]. In the present study, we perform photodissociation spectroscopy on chro-
mate ester cluster ions isolated in the gas phase. We investigate the spectroscopic properties of
Na,[CrO3(OCHs3)],+1~ ions (n = 1, 2) as well as their fragmentation pathways to obtain molecular

level information on the mechanisms involved in chromate photochemistry.

3.2 Computational Methods

Geometry optimizations of relevant species were performed using density functional the-
ory [49] (DFT) as implemented in the TURBOMOLE suite of programs [50,51] (V5.9.1 and V6.2),
employing the B3-LYP functional and def2-TZVP basis sets [52,53] for all atoms. All geom-
etry optimizations were performed without symmetry restrictions. The obtained DFT energies

were corrected for zero-point energy by analytical calculation of harmonic frequencies using the
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AOFORCE program [54]. We performed time-dependent density functional theory (TDDFT) cal-
culations to obtain the absorption spectrum of the chromate ester monomer, CrOs(OCHs)~, also
using def2-TZVP basis sets and the B3-LYP functional. Estimates of threshold energies for vari-
ous fragmentation pathways were calculated using a simple Hess’s Law approach and subtracting
zero-point energy-corrected internal energies of the reactants from those of the products. Thresh-
old energies were also corrected for the internal energies of the parent species to more accurately

compare computed threshold energies with experimental values according to,

hVi
Usip = D (ehi/fT 1) (3.1)

(2

where h is Planck’s constant, v; is the ith vibrational frequency, k is the Boltzmann constant, and
T is the temperature of the ions, assumed to be 300 K, given by the temperature of the hexapole

ion trap where thermal equilibrium is established.

3.3 Results and Discussion

3.3.1 Mass Spectrometry

Electrospray ionization mass spectra of a solution of NayCroO7 in methanol/water (1:1) in
anion mode show intense mass peaks around m/z = 285 u and 439 u (see Figure 3.1). Reaction
products between Cr(VI) and methanol had been observed by Hedlam and Lay, but not definitively
identified [55]. Later work by the O’Hair group [56] identified a peak at m/z = 131 u as the
methyl chromate ester CrO3(OCHj3)™, but no chromate ester clusters were reported. The isotope
patterns of the mass peaks observed in this study indicate that the lighter species contains two
chromium atoms, the heavier species contains three chromium atoms, and all ions are singly charged.
We will therefore refer to the mass of fragment ions rather than the mass-to-charge ratio in the
remainder of this chapter. In order to clearly identify the composition of these ions, we sprayed
the same dichromate salt from deuterated methanol (CD3OD) and from ethanol/water mixtures.

Electrospray from CD3OD resulted in a peak pattern for the lower (higher) mass signature that
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Figure 3.1: Mass spectrum of chromate ester cluster ions Na,,[CrO3(OCHs)],+1~ where n = 1,2,
obtained by electrospray ionization of a solution of NagCroO7-2H20 in methanol/water in anion
mode.
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was shifted by +6 u (49 u), while spraying from ethanol/water mixtures shifted the pattern by
+28 u (+42 u), indicating that the original ion contained two (three) methyl groups. We identify
the two intense features observed in the mass spectrum as Na,,[CrO3(OCHs3)],,+1~ where n =1 for
the lower mass feature and n = 2 for the heavier species. The most abundant masses in the isotope
distribution are (284.8 + 0.5) u and (438.4 £ 0.5) u, in excellent agreement with the calculated
masses of 284.8 u and 438.8 u. In the remainder of this chapter, we refer to the lower mass species
as ”chromate ester dimer” or simply ”dimer”, and the heavier species as ”trimer”. Our findings are
reminiscent of results by Nagy-Felsobuki and coworkers [57] who observed polyoxochromate cluster
species in ESI-MS experiments. The calculated lowest energy structures of the dimer and trimer

ions are shown in Figure 3.2.

Figure 3.2: Calculated geometries of the chromate ester dimer (A) and trimer (B) parent anions.
Na: grey; Cr: yellow; O: red; C: black; H: white.

It is worth noting that while while we also observed the methyl chromate ester monomer
in the mass spectrum, CrO3(OCH3) ™, we did not detect photodissociation products from the this

parent ion in tests with photon energies up to 5.6 eV. The lack of photoproduct could be a result of
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the low kinetic energy of photoproduct produced or that light-induced fragmentation is hindered in
the monomer in contrast to the cluster. Evidence for this last point is supported by the concerted
fragmentation mechanism seen in the dimer and trimer, as discussed later in this chapter. O’Hair
and coworkers [56] report collision-induced dissociation of this species, yielding CrO2(OH)~ product
ions, but they did not report threshold energies for the observation of this process.

The dimer parent ion is calculated to be in a singlet ground state (lower than the triplet by
1.6 eV). Similarly, the lowest energy singlet state of the trimer parent ion is 1.8 eV more stable
than the lowest energy triplet state. The individual anionic chromate ester units are held together
by Na® counter-ions. In the dimer, the oxygen atoms of the methoxy groups point towards each
other. Likewise, we observe that two of the methoxy groups are pointing at each other across the
gaps occupied by the Nat counter-ions in the trimer. The proximity of these groups may play an

important role in the fragmentation processes.

3.3.2 Photodissocation of the Chromate Ester Dimer Anion

The photodissociation spectra were acquired using the ESI-TOF instrument described in the
Experimentation chapter. A solution of approximately 10 mM NayCryO7-2H20 (Sigma-Aldrich,
ACS Reagent, 99.5%) in 1:1 methanol/water was electrosprayed to produce the chromate ester
ions of interest. The only fragment channel observed upon irradiation with photons in the energy
range of 2 to 5.6 eV, of the dimer is the formation of a species of m = 223 u. A search for
other fragments was conducted within the peak regions at 2.75 eV, 3.5 eV and 4.7 eV, but no
other fragments were observed. Irradiation of the parent ions Na[CrOz(OCDs3)]a~ (sprayed from
deuterated methanol/water) and Na[CrOs(OC2Hs)]2~ (sprayed from ethanol/water) resulted in
fragment ions with the same mass. Based on this finding, we identify the fragment ion as NaCroOg ™,
which in principle amounts to the net loss of two methoxy units from the dimer parent ion.

The corresponding photodissociation action spectrum is shown in Figure 3.3, along with
the UV /Vis absorbance spectrum of a solution of NagsCroO7-2H20 (Sigma-Aldrich, ACS Reagent,

99.5%) dissolved in a 1:1 mixture of methanol and water, acquired using a Varian Cary 500 Scan



40

UV-visible-NIR spectrometer (version 8.01) with a 10 mm path length, 1 nm step size, 2 nm
resolution, and integration time of 0.1 s.

The photodissociation spectrum shows the same features as the UV /vis absorption spectrum
of the NayCroOr7 solution. Interestingly, the spectrum is characteristic for species related to chro-
mate, CrO42~, rather than dichromate, CroO72~ [58,59]. The spectral signature of Cr(V), a peak
at about 1.65 eV (750 nm), is not observed nor is that of Cr(III), expected at 2.18 eV (570 nm).
The observation of species more closely related to chromate in the sample solution is due to the

following equilibrium:

Cry03~ 4+ Hy0=2Cr0O7 ™ + 2H" (3.2)

The chromate ions thus formed may react either in solution or during the electrospray process
to form the chromate ester based species observed in the ESI mass spectra. We note that the overall
shape of the UV /vis spectrum of the sample solution does not change significantly upon changing
the concentration from 50 mM to 50 pM. Assuming that the chromophore species in solution
are predominantly monomeric chromate based ions, it is interesting to compare the experimental
UV /vis spectrum with the calculated spectrum of a chromate ester monomer anion, CrOz(OCH3z)~.
This calculated spectrum (shown in Figure 3.3) shows remarkable agreement with the experimental
photodissociation and UV /vis absorption spectra and allows assignment of the observed transitions.
The electronic excitations of the chromate ester in the energy range probed here are all ligand-to-
metal charge transfer (LMCT) transitions, as expected for a d® Cr(VI) complex. Some of the
features are calculated to be up to 0.4 eV higher in energy compared to the experimental spectrum.
However, the overall pattern recovers the experimental photodissociation spectrum well. The main
contributions to the electronic transitions in this energy range are given by charge transfer from
2p oxygen atomic orbitals to the nearest chromium atom. The band calculated at around 3.88
eV involves the oxygen orbitals on the chromate ester bridge, while the transitions at 3.14 eV and

4.50 eV originate mostly on the other three oxygen ligands. It is unclear whether the transfer
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Figure 3.3: Top: Photodissociation spectrum of the chromate ester dimer obtained by monitoring
the m = 223 u fragment channel as a function of photon energy. Open circles represent photodis-
siociation action data points. The full line shows the UV /Vis absorbance spectrum of a 0.5 mM
solution of NasCrO7 in a methanol/water mixture (1:1). Bottom: Calculated excitation energies
of the chromate ester monomer CrO3(OCHj3)~ from TDDFT calculations. The oscillator strengths
of individual transitions are given by the vertical bars. The full line represents a convolution of the
excited state spectrum with a Gaussian (0.2 eV FWHM).
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of electron density away from the organic portion of the molecule is substantial enough to sever
the chromate ester bridge directly. Alternatively, fast relaxation into lower electronic states may
eventually promote the fragmentation reaction via a vibrationally hot ion. The similarity of the
UV /vis absorption spectrum and the photodissociation spectrum suggests that there is little to no
specificity with respect to the excited state, rendering direct bond cleavage on the excited state
surface unlikely. The similarity also indicates that the fragmentation time is short compared to
the 20 us observation window in our experiment (i.e. the time between irradiation and the second
mass separation in the reflectron). The fluence dependence of the observed fragment ion intensity
confirms that one photon is sufficient to initiate the fragmentation process.

The remarkable similarity between the gas-phase and solution electronic spectra and the
minimal solvatochromic shifts show that the electronic environment of the orbitals involved in
transitions resulting in photodissociation are only minimally perturbed by the presence of solvent
or counterions.

Interestingly, we did not observe the formation of either methoxy anion or dimethyl peroxide
anion which would result if one or both of the chromium centers was not reduced during fragment
formation (i.e. the charge departing with the organic fragment). It is possible that the detection
efficiency for these lighter fragments is insufficient to allow observation, due to their low kinetic
energy upon fragmentation. Similarly, we do not observe the formation of an ionic fragment corre-
sponding to the reduction of only one chromium atom (i.e. loss of only one methoxy group or of a
formaldehyde molecule).

Geometry optimization of the product anion, starting by removal of the methoxy groups
from the parent anion, leads to a chromium(V) trioxide dimer dianion in a complex with a sodium
counter cation. Our calculations indicate that loss of the methoxy moieties from the parent ion
results in the formation of a cohesive chromium oxide framework rather than two independent
chromium oxide ions (see Figure 3.4). The spin state of the fragment ion can be a singlet or a
triplet, and the triplet state is calculated to be lower by 0.6 eV.

The relative positions of the two methoxy groups in the parent ion may necessary for the
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Figure 3.4: Calculated structure of the Na(CrO3)2~ photodissociation product ion of the chromate
ester dimer parent ion. Na: grey; Cr: yellow; O: red.

formation of the fragment, since their proximity may be necessary to cooperatively induce oxidation

of the organic group and concomitant reduction of the chromates.

3.3.3 Photodissocation of the Chromate Ester Trimer Anion

Electronic excitation of the trimer anion results in the observation of four fragment ion
channels with masses 223 u, 285 u, 347 u and 377 u. The fragment with m = 223 u is identical
to the Na(CrO3)2~ photofragment generated upon excitation of the dimer parent ion, and the
fragment with m = 285 u is identical with the dimer parent ion, Na[CrO3(OCHs)]2~. The calculated
structures of the other two fragment ions are shown in Figure 3.5.

The photodissociation action spectra for these fragment ions are shown in Figure 3.6. Differ-
ent fragment channels are active in different photon energy regions, but the overall shapes of the
spectra recover the bands of the UV /vis absorption spectrum, similar to the dimer photodissociation
action spectrum discussed above.

The formation of the fragment with m = 377 u corresponds to the loss of two of the parent

ions and three methoxy units:

Nag[CrO4(OCH,)5 % Nag(CrO4),[CrO,(OCH,)] ™ + (20, 2C, 6H) (3.3)

The third chromate ester unit is not reduced in this fragment channel. The fragmentation
threshold occurs at the onset of absorbance of the chromate species, similar to the dimer parent

ion case. Fragment action for this channel vanishes at ca. 4 eV, probably indicating that energy
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Figure 3.5: Calculated geometries of fragment ions from the trimer parent ion. A: fragment mass
347 u. B: fragment mass 377 u. Na: grey; Cr: yellow; O: red; C: black; H: white.
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Figure 3.6: Top panel: UV /Vis absorbance of 0.5 mM solution of NagCraO7 in a methanol/water
mixture (1:1). Lower panels: Normalized photodissociation spectra of the four fragment channels
observed from the chromate ester trimer. The fragment mass for each channel is shown.
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deposited into the parent ion is too large for this fragment ion to survive without further reactions.

In the second fragment channel (m = 347 u), all three of the chromate ester units are reduced:

Nay[CrO4(OCH,)]; % Nay(CrO,),[CrO,0H] ™ + (30, 3C, 8H) (3.4)

The calculated structure of the product ion closely matches that of bulk chromium trioxide
[60], suggesting the continuation of the polymerization reaction found for the dimer parent ion. The
position of the H atom as shown represents the lowest energy isomer. Although the other isomers
are higher in energy by 0.65 eV and more, we note that the H atom could be kinetically trapped
at other oxygen atoms if the primary fragmentation reactions form higher energy isomers. The
fragmentation reaction is accessible across the whole observed absorption spectrum. Comparison
of the photodissociation action spectrum with the UV /vis absorption spectrum of the solution shows
that the features below ca. 4 eV photon energy are suppressed. This may be due to competition
with partial reduction channel which disappears at roughly the same photon energy. The fragment
with m = 285 u corresponds to the loss of a neutral chromate ester sodium salt unit, resulting in

the formation of the chromate ester dimer ion:

Nay[CrO4(OCH,)]5 % Na[CrO4(OCH,)]; + Na[CrO,(OCHS,)] (3.5)

While the overall spectrum looks very similar to that of other fragment channels, no reductive
fragmentation occurs, suggesting that specific excitations do not predetermine the fragmentation
channel, but that fragmentation rather occurs via rapid relaxation into vibrationally hot lower
electronic states. This is consistent with our interpretation of the dimer photodissociation spectrum.
Similar to the fragmentation of the dimer parent ion, a fragment with mass m = 223 u is formed,

corresponding to a combination of chromium reduction and loss of a neutral salt unit,

Nay[CrO4(OCH,)]; 2%Na(Cr0O,); + Na[CrO,(OCH,)] + (20, 2C, 6H) (3.6)

The fragment action in this channel increases strongly at ca. 4 eV. Loss of flux at lower
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energies is probably due to competition with the partial reduction channel (m = 377 u), similar to

the suppression of the lower energy signatures in the full reduction channel (see above).

3.4 Organometallic Redox Mechanism

Electron transfer reactions of chromate are thought to occur either through a covalent bond
(inner-sphere mechanism) with significant molecular rearrangement, or by a Marcus-type (outer-
sphere) mechanism without significant change to the geometry and environment of the redox pair.
Marcus Theory is most often used to describe redox reactions in solution. The rate of electron
transfer results from the thermodynamic driving force between the redox pair, that is the difference
in the redox potentials of the electron-exchanging sites [61].

The prevalence of one mechanism over the other is determined by the strength of the chromate
ester bridge formed between the chromate and the electron donor [35]. For an aliphatic chromate
ester (as is the case here), the inner sphere mechanism can be characterized as a two-electron
reduction of the metal from Cr(VI) to Cr(IV). This involves cleaving the CO bond of the chromate
ester bridge concomitant with formation of a Cr-O-H bond and oxidation of the electron donor to
a ketone or aldehyde (Figure 3.7). Starting from the chromate ester, this reduction may be either

thermally or photoinduced.

Figure 3.7: Inner sphere mechanism of a methyl chromate ester. The metal center is reduced from
Cr(VI) to Cr(IV).

In contrast, an outer sphere process, observed only upon photoexcitation, results in transfer
of one electron from the alkoxy residue to the metal (Figure 3.8), leading to production of an

organic radical along with Cr(V) [35].
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Figure 3.8: Outer sphere mechanism of a methyl chromate ester. The metal center is reduced from

Cr(VI) to Cr(V).

In solution, the Cr(V) species may quickly oxidize available reaction partners [57]. The
reactivity of the species produced makes it difficult to study them in solution, although much work
has been done to describe these reactions more completely. In the case of the chromate ester
dimer, we observe a net transfer of two electrons, one for each methoxy unit lost. In principle,
the reactions that could be at play for the case of the dimer may take place as described in one
of the following two ways: In the first scenario, the dimer undergoes an outer shell one-electron
transfer onto one chromate ester unit, leading to the formation of a transient methoxy radical. This
radical subsequently reacts with the second chromate ester, abstracting its methoxy unit, thus both

chromium centers are thus reduced to Cr(V):
Na[CrV103(0CHS,)]; Na(CrV 04)[CrV'04(OCH,)]...CH30 — Na(CrV04); + (CH;0), (3.7)

The calculated fragmentation threshold for the dimethyl peroxide product, correcting for
the internal energy of the room temperature parent ions, is 2.8 eV for a singlet fragment ion
(2.3 eV for the triplet). In contrast, the formation of two isolated methoxy radicals (assuming
no additional barrier) is about 1.66 eV [62,63] higher, resulting in a threshold of ~4.0 eV for
a triplet fragment ion and ~4.5 eV for a singlet fragment, both of which are incompatible with
the experimentally observed onset of the photodissociation spectrum. Assuming that no spin flip
occurs, the Na(Cr"O3)2~ product ion will be a singlet, but we cannot unambiguously rule out
a spin flip in this process. The calculated threshold energies are consistent with either fragment
multiplicity. Alternatively, an inner shell two-electron transfer could take place via intramolecular
H-transfer from the methoxy group to form formaldehyde and a HCrO3~ ion with a Cr(IV) metal

center. The HCr/Y O3~ ion would then react with the second chromate ester unit to form methanol.
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During this process, the two chromium centers comproportionate to Cr(V):

Na[CrY105(0OCH,)]; 2Na(Cr'V0,0H)[CrY'0,(OCH,)]~ + CH,0 (3.8)
Na(Cr'V0,0H)[CrY'04(OCH;)]”™ — Na(Cr¥0,), + CH;0H (3.9)

In the initial process, shown in equation (1.8), electron transfer leads to formation of formalde-
hyde and a Cr(IV) atom, with a threshold calculated to be only ca. 0.9 eV, which is the lowest
threshold energy of any of the processes in our calculations. However, the product ion is in a triplet
and therefore requires a spin flip process.

In the case of full reduction of the trimer parent ion, the formation of the m = 347 u fragment
suggests that the last chromate ester reacts by formaldehyde formation. This is evidence for a
two-electron inner sphere mechanism in this process and is consistent with the collision-induced
dissociation results of O’Hair and coworkers [56]. This photoabsorption and subsequent reduction,
which may be thought of formally as a hydride transfer presents the most striking evidence for a
two-electron process like that suggested to occur in solution. However, we note that we cannot
completely rule out that the outer sphere mechanism may contribute during dimer fragmentation.
Formally, this channel corresponds to two of the Cr centers being reduced to Cr(V), while the last
one is in oxidation state (VI). The fragmentation mechanism of the clusters is not clear and cannot
be determined by the photofragment mass spectra. However, since all fragmentation processes are
triggered by absorption of just one photon, the second and third reduction steps are likely to be
the result of a vibrationally hot intermediate.

The geometry optimization of the full photoreduction fragment bears a striking resemblance
to the bulk form of Cr(III) oxide, the most naturally abundant chromium compound. This may
suggest that the central Cr has a formal charge of 34, rather than all three chromiums having
the same 5+ charge. By extension, it may be possible for one photon to set off a chain reaction

in larger gas-phase sodium chromate ester clusters resulting in continued polymerization of the
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species. Cr(III) oxide would be a particularly good end product for remediation techniques given
its insolubility in water, imperviousness to both acids and bases, and its biological inertness [64].
Finally, the absence of the observation of photofragment ions from the monomer parent ion,
CrV103(OCH3) ™, is puzzling. While we cannot draw too firm a conclusion from the lack of evidence
of photofragmentation, it may indicate that the barrier for dissociation of a bare chromate ester ion
is significantly lowered in clusters and in the condensed phase, possibly due to solvation effects or
caused by the presence of a neighboring reaction partner (here a chromate ester within the cluster).
Another possibility is that the initial redox step forming Cr(IV) requires a spin-flip. This process
could be mediated by the presence of a collision partner (i.e. in the cluster, in the condensed phase

or even in collisional activation [56]), which is absent for the monomer.

3.5 Summary and Conclusions

We have identified chromate ester cluster ions Na,[CrO3(OCHj)],4+1~ as prominent species
in ESI mass spectrometry of a solution of NagCryO7 in a methanol/water mixture, notably the
dimer and trimer anions, Na[CrO3(OCHgz)]2~ and Nay[CrO3(OCH3)]s ™.

The photodissociation spectra of these ions are very similar to the UV /vis absorption spec-
trum of the sample solution with solvatochromic shifts less than 0.1 eV. The dominant bands in the
electronic spectra can be assigned to LMCT transitions shifting electron density from the oxygen
atoms onto the Cr centers [65]. The similarity of UV /vis, and the dimer and trimer photodisso-
ciation spectra suggests that solvation and clustering does not significantly change the observed
LMCT bands.

Photoexcitation of the dimer parent ion results in reductive fragmentation involving the
cleavage of both chromate ester bonds and concomitant loss of both methoxy residues, resulting
in the formation of a Na(CrOs)s~ ion with polymerization of the chromium(V) trioxide subunits.
Photoexcitation of the trimer ion leads to reduction of two or all three of the metal centers from
Cr(VI) to Cr(V), to (non-reductive) evaporation of neutral chromate ester salt units, or to a com-

bination of reductive and non-reductive processes. The observation of complete reduction of the
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trimer parent ion consistent with formaldehyde formation suggests that the redox reaction occurs
as a two-electron, inner sphere transfer process.

All reductive pathways observed involve absorption of a photon by the largely ligand-based
2p orbitals. In those pathways resulting in reductive fragmentation, absorption of the photon then
results in a LMCT in one of the chromate ester monomers present in the cluster. This electronic
transition is followed by a dramatic change in geometry, resulting in reduction in the adjacent
chromate ester and bridge formation between the metal centers. This process may possibly suggest
that a single photon may induce a reductive chain reaction leading to a structure similar to that

observed in bulk Cr/75,03.
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Chapter 4

UV Spectroscopy of Permanganate Ions in Vacuo

This chapter has been adapted with permission from:

e Jgrgen Houmgller, Sydney H. Kaufman, Kristian Stechkel, Lokesh C. Tribedi, Steen Brgndsted
Nielsen, J. Mathias Weber. On the Photoabsorption by Permanganate Ions in Vacuo and
the Role of a Single Water Molecule. New Experimental Benchmarks for Electronic Struc-
ture Theory. ChemPhysChem, 2013. 14: p. 1133 —1137. Copyright 2013 Wiley-VHC

Verlag GmbH and Company.

4.1 Background

The permanganate anion, MnO4 ™, is a very well studied species. Its bright purple color and
well-resolved electronic absorption spectrum, exhibiting vibronic transitions visible even in room
temperature solutions, make it suitable for teaching chemistry. The high (74) oxidation state of
the manganese metal makes it a widely-used tool in the oxidation of organic species. Like many of
the species examined in this thesis, despite its chemical ubiquity, there remains much more we can
learn about the isolated permanganate ion which can shed light upon its nature and chemistry in
solution.

Potassium permanganate, KMnQy, in particular, has a rich history. It was initially discovered
and isolated as early as 1659 by Johann Rudolf Glauber who observed a green solution (now known
to be the MnO4%~ manganate ion) turning red, then violet over time [1]. Potassium permanganate

was subsequently used as a disinfectant, marketed as Condy’s fluid by Edward Bellman Condy in the
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1800’s [2], as a component in photographic flash bulbs and more recently as a propellant in rockets
and torpedoes. It is now largely used for its strong oxidizing capabilities and ability to oxidize
without forming hazardous byproducts [3], as occurs when chromate is used (see Chapter 3 on
Chromate Ester Photochemistry). For this reason, it has become a focus for green chemistry [4,5].

The central manganese atom is in a 7+ oxidation state with a d° electron configuration,
tetrahedrally bound to the four surrounding oxygen ligands. This calculated structure is shown in

Figure 4.1.

Figure 4.1: Calculated geometry of tetrahedral, ground state permanganate anion using def2-TZVP
basis set and B3-LYP functional.

These four bonds exhibit strong m-bonding character [6]. Since the first lattice spectra of
permanganate were taken in the late 1930s by Teltow [7,8], then with improved resolution in 1967
by Ballhausen [9], it has been a model system for understanding the spectroscopy of transition-
metal complexes and much experimental data on its spectral features has been collected [9-14].
Its pervasiveness has also made it the focus of computational chemists who have found it to be a
challenging target [15]. The results of these calculations have often not agreed well with experi-

mental results, specifically in predicting electronic excitation energies. The source of the observed
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discrepancy is the strong vibronic coupling and shift in geometry that permanganate undergoes
following excitation [16]. Its ground state has T4 symmetry, but upon excitation, the molecule
shifts to lower symmetry as a result of Jahn-Teller distortion, thus the vibrational character of
the lower symmetry structures must be considered in order to determine the energetic minima of
the excited species. This task has proved challenging, and full agreement on the assignment of all
excitations has not yet been reached, even as the spectral assignment for other similar tetroxo d°
metallate species has been accomplished [17].

Because quantum mechanical calculations are often carried out on isolated molecules rather
than taking solvation into account, it is worthwhile to obtain an excitation spectrum of isolated
permanganate in the gas-phase in order to obtain a spectrum which should more closely resemble
calculated results. As in the chromate chapter, a greater understanding of how the isolated per-
manganate interacts with light may also shed light upon the photoinduced redox reactions [18-21].

There have been only a handful of gas-phase studies on permanganate anion including study
via electrospray ionization by Lau et al. [22]. In this collision-induced dissociation (CID) study,
they observed permanganate dissociating into MnO3~ and MnOs~. It was assumed that MnO4~
dissociates by successive loss of individual oxygen atoms. CID is a slow heating process, meaning
the lowest energy fragmentation pathway should be predominately observed, in this case being
MnOs3~. A study photoelectron spectroscopy and calculations performed by Wang and co-workers
[23] determined that permanganate ion has an electron affinity of 4.804+0.10 eV. Because of its
electronic structure, the neutral MnOy4 has a hole in its valence shell, creating chemistry similar to
a halogen as a result of its high electron affinity, making it act like a so called "super halogen” [24].
As a result, ionic fragmentation pathways will be accessible in the current experiment, but electron
detachment will not.

In this study, it was our aim to obtain a gas-phase spectrum of the excited permanganate
by observing the photofragments produced from MnO4~ upon irradiation with UV photons. A
concurrent visible light photofragment experiment on MnQO4~ as well as permanganate solvated

by a single water molecule, MnO4-HoO~™ was performed in the laboratory of Dr. Steen Nielsen in
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Aarhus, Denmark and combined with the study presented in this chapter for publication [25].

4.2 Computational Methods

Calculations were performed to determine the optimized geometry of the parent, MnO4~ as
well as MnOs~ and MnOy~ photofragments and associated threshold energies. Geometry optimiza-
tions, initially performed without symmetry restrictions, then with Ty symmetry, were performed
using density functional theory (DFT) [26] with TURBOMOLE (V5.9.1 and V6.2) [27, 28] em-
ploying the B3-LYP functional and def2-TZVP basis sets [29,30] for all atoms. The obtained DFT
energies were corrected for zero-point energy by analytical calculation of harmonic frequencies using
the AOFORCE program [31]. Estimates of threshold energies for various fragmentation pathways
were calculated using a simple Hess’s Law approach and subtracting zero-point energy-corrected
internal energies of the reactants from those of the products. Threshold energies were also corrected
for the internal energies of the parent species to more accurately compare computed threshold en-
ergies with those occurring within the experiment. The internal vibrational energy was calculated

as:

2

Usiv =Y (ehy/i:;_l) (4.1)
where h is Planck’s constant, v; is the ith vibrational frequency, & is the Boltzmann constant, and
T is the temperature of the ions, assumed to be 300 K, given by the temperature of the hexapole
ion trap where thermal equilibrium is established. The internal rotational energy was similarly
calculated as:

Uyot = ng (4.2)
4.3 Results

The photodissociation spectra were acquired using the ESI-TOF instrument described in the
instrumentation chapter. A solution of ~10 mM KMnO,(Sigma-Aldrich, ACS Reagent, >99.0%)
in 1:1 methanol/water was electrosprayed to produce the ions of interest as described in the Ex-

perimentation Chapter. Upon irradiated by photons with energies ranging from 3 to 5.6 eV, the
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permanganate ion predominantly undergoes loss of one neutral oxygen atom to form MnO3~ (struc-

ture shown in Figure 4.2).

Figure 4.2: Calculated geometry of MnOg™~ photofragment using def2-TZVP basis set and B3-LYP
functional.

A UV /vis absorption spectrum of ~100uM KMnO, (Sigma-Aldrich, ACS Reagent, >99.0%)
in water was acquired using a Varian Cary 500 Scan UV-visible-NIR spectrometer (version 8.01)
with a 10 mm path length, 1 nm step size, 2 nm resolution, and integration time of 0.1 s. The
obtained UV /Vis and photodissociation spectra of permanganate are shown in Figure 4.3.

Measurement of the laser power dependance of the fragmentation yield (fluence), shown in
Figure 4.4, indicates a linear relationship, that is that the absorbance of one photon leads to
photodissociation and loss of atomic oxygen.

The formation of MnOs~ was also observed, but the signal was too weak to obtain a pho-
todissociation spectrum, whose structure is shown in Figure 4.5).

The calculated threshold energy for loss of an oxygen atom is 3.5 eV, above the observed

onset of fragmentation observed for the MnO3~. The calculated threshold for for an additional loss
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Figure 4.5: Calculated geometry of MnOs ™~ photofragment using def2-TZVP basis set and B3-LYP
functional.
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of oxygen from MnO3~ to form MnOs™ is 6.35 eV, well above the energy region explored in this
study. In order to determine the threshold energy for fragmentation, it is instructive to examine
photodissociation data taken in the visible spectral region. The spectra obtained by Houmgller et
al. are shown in Figure 4.6 [25].

This work shows an onset of fragmentation for MnO3~ at approximately 2.0 eV and MnOy~
at only slightly higher energy, around 2.10 eV. Fluence measurements indicate absorption of two
photons are necessary for both fragmentation processes. Based on the onset of fragmentation
with two photon, 4.2 eV, it should be possible to observe an MnQOy~ signal within the energetic
limits of the experiment. Despite this, MnOs~ is not observed in any substantial quantity in our
experimental setup even at photon energy about 4.0 eV.

The calculated threshold for the formation of MnOs~, via the following reaction:

MnO; 2% + MnO; + 20 (4.3)

is ~6.3 eV owing to the energetic instability of the oxygen radicals formed. By contrast, the loss

of molecular oxygen, according to the following:
MnO; % + MnOj; + O, (4.4)

has a calculated threshold energy of 4.7 eV, lower by 1.6 eV as it forgoes the formation of two
unstable oxygen radicals. This mechanism, which will be discussed in greater detail later in this
chapter, falls within the energy range which should be observable by both the two-photon visible

(Aarhus) and UV (Boulder) experimental set-ups.

4.4 Discussion

4.4.1 Electronic Transitions

Beginning with the earliest well-resolved spectrum of permanganate, carried out by Ball-
hausen in 1967 [9], three regions of spectroscopic activity of interest were identified as outlined in

Table 4.1.
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Figure 4.6: Permangate spectra obtained by the research group of Prof. Steen Nielsen at the
University of Aarhus, Denmark. The top two traces show photo fragment action yield of (a)

MnO3~ and (b) MnOy~

from MnQOy4~

parent. The orange curves are based on a Savitzky-Golay

smoothing filter using five and three successive data points, respectively. (¢) Sum of the two orange

curves from (a) and (b).

concentration). The details of this experiment may be found in [25].

(d) Absorption spectrum of an aqueous solution of KMnOy4 (100 pM
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Region | State Vertical Adiabatic | Transition Percentage Geometry of
Excitation Transition of Excited
Energy [9] | Energy [25] Contribution [17] State [17]
1t1—2e 88
1 1T 2.34 eV 2.08 9%ty—32e 4 Csy
2t9—2e 66
2 2T, 3.5 eV 3.74 1t 3t 39 Cay
1t1— 3ty 52
3 3Ty 4.09 eV 3.96 9%ty—320 20 Doy

Table 4.1: Observed regions of electronic transitions of MnO4~

in dilute crystal as obtained in [9],

values in vacuo as obtained in [25], and MO contributions and excited state geometries as calculated

in [17).
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The lowest energy, at ~2.25 eV as been identified with reasonable certainty as being the
HOMO to LUMO transition, (1t;—2e) belonging to the 11Ty state. The spectrum, obtained
by Nielsen and co-workers, in Figure 4.6 [25], shows this transition. The vibronic progression
matches well that seen in earlier experiments as well as calculation [9,16,17]. Identification of the
source of the second and third bands, whose electronic region are also the subject of study in this
chapter, have found much less success. As mentioned, while the tetrahedral ground state of the
permanganate ion parent is well understood, its geometric changes upon excitation make assigning
the origin of peaks difficult. The calculated MOs of the ground state, tetrahedral MnO4~ are shown
in Figure 4.7.

Despite the formal d° of the central metal, previous population analysis computation has
established that excitation does not result in a pure ligand-to-metal charge transfer (LMCT), but
rather a rearrangement of the electron density throughout the molecule [36]. Upon excitation,
permanganate undergoes distortion to Cg,, Cgy, or Dgy symmetry, as a result from elongation of
Mn-O bonds, depending on the excitation [17]. In recent computational work by Jose et al. [17], the
excited state geometries were optimized, while constraining them to T; symmetry, then allowed
to naturally distort along the vibrational coordinates calculated to a minimum on the potential
energy surface.

Our UV solution absorbance and photodissociation spectra of the second and third bands,
beginning at ~3 eV exhibit far less vibronic resolution than that observed in the visible region.
The second band, of the 2Ty state, centered around 3.3 eV is believed to result from the 2t,—2e
transition and results in a geometry distortion to Cg, symmetry. This bend shows a shift of about
0.09 eV from that seen in the crystal spectrum by Holt and Ballhausen [9]. The highest energy
transition we observe, which overlaps with the transition centered around 4.1 eV, results largely
from the 1ts—2e transition. Electronic structure calculations performed by Jose et al. predict
vertical transition energies for the second and third electronic bands which are too high by 0.6 eV
and 1.2 eV, respectively [17].

In comparing the solution and gas-phase spectra of permanganate in the UV, very little
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solvatochromic shift is observed. Upon full solvation, the 2nd electronic transition is not shifted
at all and the third transition is shifted to the blue by ~0.05 eV. In comparing this to the dilute
crystal spectrum taken by Holt et al., we see the aqueous absorbance spectrum matches that of the
isolated molecule much more closely than the crystal spectrum [9]. A table of the solvatochromatic
shifts, including those for the first, visible transition from data taken in Aarhus are shown in Table

4.2.

Band 1st | 2nd | 3rd
aqueous solution | 0.10 | N/A | 0.05
dilute crystal 0.15 | 0.09 | 0.16

Table 4.2: Solvatochromatic shifts of the three lowest energy electronic bands of MnO4~ in eV,
defined as the observed energy center of the transition in the gas-phase subtracted from that in
solution, in eV. Electronic bands are identified in the text. For the first transition in the gas-
phase, the experimental value is taken from [25]. All dilute crystal values are cited from [9]. The
uncertainty is ~0.01 eV.

These values indicate that the chemical environment of the ion in the dilute crystal is more
perturbing than that in solution. The blue shift is also contrary to calculations performed using a
conductor-like screening model (COSMO) to recreate the dielectric environment of a molecule in

solution, which predicts a red shift [16].

4.4.2 The Permanganate Oxidation Mechanism

Computational studies on permanganate’s photochemical oxidizing mechanism have been
previously performed by Nakai et al. [37]. Permanganate has long been known to decompose
photochemically in solution, resulting in the production of molecular oxygen [18-21] by the following
reaction:

MnO; 2 + MnO; + O, (4.5)

The yield of this reaction is seen to be highly wavelength-dependent as well as showing depen-

dence on temperature especially at longer wavelengths [19], presumably to allow access to excited
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vibrational states necessary for decomposition to occur. This led to the conclusion that electronic
excitation is followed by internal conversion to a vibrationally excited state, then by unimolec-
ular decay with charge transfer occurring during one of these steps. The observed temperature
dependence thus allows for reduction induced by with photons below the threshold energy of the
process by increasing the available number of ions with sufficient vibrational energy to result in
decomposition. Experimental evidence also showed that neither O, O™, nor O3~ is formed during
photodecomposition. This mechanism seems to exclusively involve the photoreduction of Mn"?! to
Mn’!!| with an ensuing shift of four electrons. Zimmerman et al. also determined that the resulting
O2 came from the permanganate reactant and not from surrounding solvent [19].

Other explanations have been offered for the characteristics of this process including the pos-
sibility of a photoaquation step followed by decomposition, electron photodetachment, or coupling
between specific electronic excitations and the product state [38], but Zimmerman'’s explanation has
held. In a slightly more recent study by Lee et al. [21], further details of the oxidation mechanism
were postulated. Based on spectroscopic and kinetic observations, Lee suggested that irradiation
results in an intermediate with high oxidative potential. That intermediate may undergo either
relaxation back to permanganate, decomposition to MnOs™ and Os, or oxidize the nearest species
with a removable electron. Lee further suggested a Mn(V) peroxo complex, shown in Figure 4.8,
which could account for the formation of molecular oxygen and the long lifetime of the intermediate
as suggested by the species’ preference for oxidation or dissociation rather than relaxing back to
the parent permanganate.

The long lifetime of the excited intermediate may result from a symmetry or Woodward-
Hoffman barrier [39], the result of an avoided crossing of two electronic energy levels of the same
symmetry. This can occur if an excitation leads to a dramatic distortion in geometry such that the
ground state orbital is higher in energy than that of the excited electron resulting in an avoided
crossing which prevents interconversion between the excited and ground state species [21]. Further,
the formation of a Mn(V) peroxo intermediate followed by dissociation into MnO2~ and O3 is in

keeping with the observation that reduction tends to happen in steps of one or two, rather than
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Figure 4.8: Oxidative intermediate postulated to form upon irradiation from permanganate ion
by [21]
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four [40].
Lee et al. also suggest that the intermediate takes the form of a monohapto dioxygen, three-
coordinated manganese compound, as shown in Figure 4.9, evidence for which has been observed

in earlier work on manganese(II) porphyrins [41].

O O
\\ /
- ,Mn——0O

O

Figure 4.9: Oxidative intermediate postulated to form upon irradiation from permanganate ion
by [41]

In this case, it is assumed that solvation of the vacant tetrahedral site will act as a the barrier
to relaxation back to the parent. In the gas-phase, where solvation of this site is not possible,
enough vibrational energy may exist within the molecule after electronic excitation/relaxation to
allow dissociation of the O-O bond.

Experimental evidence suggests that two photons are required to cause fragmentation into
MnOs~ in the visible and possibly the UV region in the gas-phase as well [25]. This would indicate
that either the photoinduced reactions previously observed in solution are also the result of a two
photon process or the addition of solvent stabilizes the presumed peroxo Mn(V) transition state
sufficiently to result in fragmentation of Oy. Zimmerman also observed that the quantum yield of
oxygen evolved, which shows dependence on wavelength and temperature, was not dependent on
the solution composition or the intensity of light used. These observations also lend credence to
the importance of solvent stabilization for permanganate-induced oxidation of organic species.

In the gas-phase, it would seem that excitation results in a LMCT followed by cleavage of a

single Mn-O bond, despite the instability of the oxygen radical that results. It is possible that in
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solution, when the same LMCT leads to bond cleavage, the solvent shell hinders the escape of the

oxygen radical, allowing time for one of the structures shown in Figures 4.8 or 4.9 to form.

4.5 Conclusions

In conclusion, we have measured the UV electronic spectra of isolated permanganate ions
using gas-phase photodissociation spectroscopy, focusing on the previously established [9] second
and third lowest energy transitions observed. We observe a very slight blue shift upon full solvation
of the ion, less than that seen in the dilute crystal spectrum, which has acted as the benchmark for
calculations until now. This observation highlights the need for unperturbed electronic excitation
values when comparing with computations.

This study of the dissociation of isolated permanganate ion may also help to shed light on
the vital role that solution plays in photoinduced oxidation of organic species. Based on previous
studies of this mechanism and the manganese-based products of these reactions, the formation of
MnOs~ species might have seemed likely, despite its high calculated threshold energy. This may
indicate that the stabilizing effects of solvent may be necessary for the formation of the intermediate

resulting in the production of MnOs~ and the concurrent oxidation of the organic species.
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Chapter 5

Electronic Spectroscopy of Isolated Copper Nitrate Association Complexes

5.1 Background

Copper nitrate complexes are well studied and used from industry to teaching labs. In
solution, copper nitrate forms a range of complexes including hydrates and ionic association com-
plexes [1,2]. It is this assortment of species in solution that makes copper nitrate interesting but
also difficult to study. In the limit of saturation, that is at the onset of crystal formation and
crystal dissolution, one can expect the species present will go beyond simple binary species instead
forming charged salt clusters, [M;L,]. A similar process occurs in the formation of aerosol par-
ticles during nucleation and drying [3,4] in the atmosphere. While it is difficult to elucidate the
detailed chemistry of such association complexes or clusters in the condensed phase, salt cluster
ions can be generated by electrospray ionization [5] making them accessible for gas-phase studies.
In the current chapter, we focus on the electronic and photochemical properties of a copper nitrate
association complex, Cu(NO3)s3~.

We chose to study copper nitrate anionic clusters for a few reasons. First, as with many of the
species explored in this thesis, copper nitrate is a precursor to a family of interesting nanoparticle
structures specifically, copper and copper oxides [6]. Most methods for generating nanoparticles,
copper and otherwise, focus on chemical reduction of metal salts in solution [7]. Newer methods
are being developed that focus on gas-phase generation of nanoparticles including laser-induced
photoreduction [8]. By performing photoreduction rather than bulk chemical reduction, it may be

possible to more closely control the design and synthesis of nanoparticles and avoid excessive use
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of reductive chemicals which may be costly and polluting.

The gas-phase structure of neutral Cu(II) nitrate was established by electron diffraction in the
1960s [9]. Cu(II) complexes formally possess a d° electron configuration, making a fundamental
understanding of their geometric and electronic structures particularly interesting to study. In
crystals, they are known to adopt a variety of geometries between the limits of a square and
a tetrahedron [10]. For example, many different structures are found for the CuCly?~ dianion
depending on the counterion [11]. In solution, Cu(II) ions are usually six-fold coordinated to
solvent molecules, anionic ligands, or combinations thereof (in Jahn-Teller distorted tetragonal
bipyramids) [12]. In the case of copper nitrate solutions, nitrate can displace water ligands in the
coordination shell to form CuNOs3™ cations. Electrospray ionization of nitrate solutions has been
shown previously [13,14] to produce clusters containing an excess moiety of NO3~, which represent
the anionic forms of association complexes. Because of the breadth of uses for copper nitrate and
related species in solution, it may be desirable to tailor the equilibrium to promote the formation of
one particular copper nitrate species [15]. Despite copper nitrate’s ubiquity and chemical history,
an understanding of its intrinsic geometry and electronic structure remains elusive in the gas-phase.

Presently, we use electrospray ionization mass spectrometry coupled with ultraviolet pho-
todissociation spectroscopy to study Cu(NOs)s~ anions in the gas-phase and discuss these com-
plexes in the framework of a molecular orbital approach. In addition, we employ several quantum
chemical methods to elucidate the electronic and geometric structures of the parent and fragment

ions as well as the electronic excitation spectrum of the parent ion.

5.2 Computational Methods

Geometry optimizations were performed for the parent and fragment ions using the TURBO-
MOLE V5.9.1 and V6.2 suites of programs [16]. We employed density functional theory (DFT) [17]
with the PBEO hybrid functional [18] as well as second-order Mgller-Plesset perturbation theory
applying the resolution-of-identity approximation for the evaluation of two-electron integrals (RI-

MP2) [19]. Basis sets of triple-zeta quality (def2-TZVPP) [19, 20] were used for all atoms and
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calculations. Geometry optimizations were performed initially on all relevant species without sym-
metry restrictions from a number of starting geometries. The obtained RI-MP2 and DFT calculated
ground state energies were corrected for zero point energies obtained the NUMFORCE program in
the case of RI-MP2 and using AOFORCE for DFT calculations. After inspection of the parent ion
geometry obtained without symmetry restriction, geometry optimizations were again performed,
this time restricting the molecule to Co symmetry. The resulting total energies differed by less
than 1 meV from those obtained without symmetry restrictions. We therefore assume that the
Cu(NOg3)3~ parent ion is of Cy symmetry (see below). The orbital character of the electronic exci-
tations was determined using time-dependent density functional theory (TDDFT) [21,22] utilizing
the PBEO functional and def2-TZVPP basis sets for all atoms. Exploratory calculations using
the B3-LYP functional did not describe the experimental spectrum at all, and we will therefore
only discuss the PBEQ results. We note that spin-orbit interaction has not been treated in our

calculations, although it could be important for the excited state energies.

5.3 Results and Discussion

5.3.1 Photodissociation

Using the setup described in the Experimentation chapter of this thesis, electrospray ioniza-
tion of a ~10 mM copper(II) nitrate hydrate (Sigma-Aldrich, used without further purification)
was performed in a 1:1 water:methanol solution. Upon irradiation with photon energies in the
range 3-5.6 eV, Cu(NO3)3~ undergoes dissociation into Cu(NOg)s ~, formally corresponding to
reduction of Cu(Il) to Cu(I) and presumably along with the loss of neutral NO3 radical. The
fragment action spectrum obtained by monitoring Cu(NO3)2~ as a function of photon energy is
shown in Figure 5.1 along with the solution absorption spectrum obtained for ~10 mM and ~50
uM solutions of copper(II) nitrate hydrate in 1:1 methanol:water. The spectra were taken using a
Varian Cary 500 Scan UV-visible-NIR spectrometer (version 8.01) with 10 mm path length, 1 nm

step size, 2 nm resolution, and an integration time of 0.1 sec.
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Figure 5.1: Comparison of the gas-phase UV photodissociation of Cu(NOg3)3~ (top) and the UV
absorption spectrum of copper nitrate in a 1:1 water:methanol solvent mixture similar to the elec-
trosprayed solution at 10 mM (solid line) and 50 uM (dotted line) concentration.
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The spectrum exhibits a broad peak centered near 4.3 eV with a shoulder around 3.75 eV
and a more intense feature towards the upper energy limit of the experiment, around 5.5 eV. The
broad, low energy feature has an onset energy of about 3.5 eV. No fragment ions were generated

at photon energies below 3.0 eV, nor were any other fragment channels detected.

5.3.2 Electronic Transitions

The photodissociation spectrum of the Cu(NO3)s~ may be interpreted with the aid of the UV
absorption spectrum of a copper nitrate solution, shown in the lower part of Figure 5.1, which has
been previously studied: The solution spectrum is dominated by an intense band at photon energies
above ~5 eV (wavelengths below approximately 250 nm), which is commonly assigned to the 7* <«
transition in nitrate anion NO3™~ [1]. A shoulder at ~4 eV photon energy has been attributed to a
ligand-to-metal charge transfer (LMCT) transition from nitrate to Cu(II) in association complexes
[23]. This feature also overlaps with the signature of the 7*<—n transition in NO3 ™, found in the
same spectral region in aqueous and methanolic solutions of nitrates [1]. Exploratory TDDFT
calculations on NO3~ and CuNOs™* predict the onset of 7*<-7 absorption bands in NO3~ at
around 5.5 eV. CuNO3™" shows an onset of LMCT transitions at ~3.5 eV, corroborating the earlier,
empirical identification of the low-energy shoulder in the UV absorption spectrum of aqueous
solutions [23]. The energy of the nitrate absorption band is overestimated in our calculations,
whereas the onset of the low-energy band of CuNO3™ is predicted at too low energy. We will see
below that TDDFT calculations for the anionic association complex Cu(NOg3)3™ exhibits similar
trends. We note that the characteristic blue color of aqueous and methanolic solutions containing
Cu(II) species is caused by the Laporte-forbidden d<—d transition in Cu(II) [23], giving rise to a
weak absorption feature at lower photon energies (~1.8 eV, corresponding to 700 nm). However,
we will not discuss this transition further, since its energy is below the onset of photodissociation
explored in this chapter.

The physical origin of the observed spectral features can be interpreted by examining the

geometric and electronic structure of the parent ion, although this is complicated by spin-orbit
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coupling and by its open-shell configuration. Despite these challenges, the computational treatment
employed in this study provides some basic understanding of the electronic properties of the species
of interest. Figure 5.2 shows the calculated structures of the Cu(NOg3)3~ parent ion, neutral
Cu!!(NO3), and the anionic Cu(NO3),~ photofragment, as discussed below.

The excess NO3~ moiety is attached to the central Cu atom, resulting in a Y-shaped complex
geometry. The molecular frame of the calculated ground state structure of the planar Cu’/ (NO3)y
salt is strongly distorted by the presence of the excess NO3~ group. The calculated structure of the
Cu(NO3)2~ fragment ion shows a similar distortion, suggesting that the excess charge resides at
least in part on the copper atom in both the parent and the fragment ion. The Cu(NOg3)3~ parent
ion complex is of Cy symmetry with the Cu atom coordinated in a bidentate fashion to the three
NOs3 groups. Each ligand oxygen that binds to the copper atom is situated in in the corner of a
strongly distorted octahedron. Breaking symmetry from octahedral to Cq, the e, and to, orbitals
in the d-block of the metal center split into five orbitals as shown in Figure 5.3. We note that two
of the three NOg ligands in Cu(NO3)3~ are distorted and their oxygen atoms interaction with the
copper atom are not equivalent.

Population analysis of the parent ion shows that the Cu atom has a charge between +1 and +2
(depending on the details of the population analysis approach used, see Table 5.1), demonstrating
that the simple picture of formal charges giving rise to a d” or d'° configuration breaks down.

Upon fragmentation, the copper ion is reduced to having a calculated charge between 0 and +1.

Molecule | Natural | 2-Center | Multicenter
Parent 1.52 1.09 1.12
Fragment 0.74 0.33 0.35

Table 5.1: Population analysis for the copper atom in the parent and fragment ions (RI-MP2/def2-
TZVPP).

This results in a change in the interaction of the Cu atom with the NOg ligands from a symmetric

bidentate motif in the neutral Cul/?)(NO3), salt to mostly monodentate geometry in the fragment
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Figure 5.2: Calculated (RI-MP2) structures of some of the species relevant for this study. Copper
atoms are shown in brown, nitrogen atoms in blue, and oxygen atoms in red. Upper row: Two
views of the calculated geometry of the Cu(NO3)3~ parent ion with its Cy symmetry axis vertical
(a) and pointing towards the lower right (b). The distortion of the off-axis NOg3 ligands is clearly
visible in view (b). Lower row: Calculated structure of neutral Cu’/(NO3)s (c) and of the anionic
fragment ion Cu(NO3)2~ (d). Note the similarity in the distortion of the NOg3 ligands of the anionic
fragment (d) with the distortion of two of the ligands in the parent ion as seen in (b).

octahedral rectangular (D,,) d® rectangular (C,) d¥10

Figure 5.3: MO diagrams of the d-block of a transition metal complex following the distortion from
an octahedral structure (left) through a rectangular structure (center) to a distorted structure in
Co symmetry (right) [10]. The electron configuration of neutral Cu’/ (NO3)s is shown in the center
diagram, that of the Cu(NO3)s~ parent ion on the right.
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ion. Figure 5.4 shows a comparison of the experimental photodissociation spectrum and a calculated
TDDFT spectrum (PBEO functional, def2-TZVPP basis).

The calculated spectrum is qualitatively consistent with the onset of the experimental pho-
todissociation spectrum; the calculated spectrum shows three bands of features in the region be-
tween 3 eV and 6 eV, each consisting of several transitions and a steep rise at higher energies.
The most intense of the transitions calculated in the three bands can be characterized as LMCT
transitions (see Figure 5.5), corresponding to photoreduction of the copper atom.

The HOMO is delocalized over the two distorted NO3 ligands and the copper atom, where the
interaction between the ligands and the copper atom can be described as primarily of antibonding o*
character. Most of the transitions do not have pure initial and final orbitals, rather the calculations
indicate that the transition involves several initial orbitals (see Table 5.2), mostly delocalized over
the ligands and largely with bonding character.

The final states for the most intense transitions also consist of several contributions, but the
antibonding LUMO is the most prominent component. An intense band at 7 eV is calculated to
have most prominent components end in nitrate-based 7* orbitals (LUMO+1, LUMO+-2). While
it was noted that the calculated spectrum qualitatively recovers the experimental spectrum, the
low-energy onset of the UV transitions appears to be on the order of 0.5 €V too low. In contrast,
the steep rise at the highest energies in the TDDFT spectrum appears at higher energies than
experimentally observed. This behavior is similar to that observed in Cu(NO3)"™ and NO3~ as
mentioned above.

As mentioned, we observed only Cu(NO3)2™ as a fragment ion. Interestingly, we did not
see evidence of the alternative fragment channel, Cu(NO;3); — Cu(NO,), + NO3 where neutral
copper (II) nitrate would be formed along with a nitrate anion. In principle, this may be due to the
very low kinetic energy of NO3™ ions formed following dissociation, resulting in correspondingly low
detection efficiency. However, loss of neutral NO3 (as observed in the present photodissociation)
has been identified as a major fragment channel in collision-induced dissociation (CID) experiments

on anionic transition metal nitrate complexes (including Cu(NOs3)3~) performed by Li et al. [13],
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Figure 5.4: Comparison of experimental (top trace) and calculated excitation spectrum (bottom
trace) of Cu(NOs3)3~ (see text). The vertical bars show the calculated oscillator strength (to scale
as shown), the full line was obtained by broadening each transition with a Gaussian of width 0.2
eV to guide the eye.
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Figure 5.5: Dominant calculated (PBEO/TZVPP) molecular orbital components involved in main
electronic excitations
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Transition | Symmetry | Energy Oscillator Initial Final Percent of
Number (eV) | Strength (x 1072) | Orbital Orbital | Contribution

2 a 3.53 5.27 HOMO-3 LUMO 96.1
HOMO LUMO 47.2

HOMO-23 | LUMO 24.2

4 b 314 311 HOMO-26 | LUMO 12.1
HOMO-14 | LUMO 6.9

HOMO-13 | LUMO 51.6

HOMO-10 | LUMO 8.7

HOMO-13 | LUMO+2 6.8

10 ? 410 359 HOMO-5 | LUMO+2 5.7
HOMO-16 | LUMO 5.6

HOMO-3 | LUMO+2 5.3

HOMO-30 | LUMO 33.0

HOMO-34 | LUMO 16.1

17 b 5.75 2.28 HOMO-23 | LUMO 13.4
HOMO-26 | LUMO 114

HOMO-1 | LUMO+3 5.5

HOMO-36 | LUMO 30.7

HOMO-21 | LUMO+1 18.3

26 b 6.55 5.27 HOMO-18 | LUMO+2 15.2
HOMO-14 | LUMO+2 13.5

HOMO-34 | LUMO 8.3

HOMO-20 | LUMO+1 35.4

35 a 7.01 12.0 HOMO-19 | LUMO+2 20.9
HOMO-25 | LUMO+1 8.2

Table 5.2: Calculated Parent Excitations using TD-DFT (PBE0/TZVPP). Only components with
more than 5% contribution are listed.
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whereas nitrate anion is formed only as a minor CID product. This similarity in fragment channels
points to a dissociation mechanism wherein excitation is followed by internal conversion to a highly
vibrationally excited electronic ground state that results in fracture of the weakest bonds. Although
there are several electronic transitions in Cu(NOs3)3™ calculated to be in the visible spectral region
(at 1.8 V), no photofragments are observed below approximately 3.5 eV photon energy. The frag-
mentation threshold energy, EF, of the observed fragment channel can, in principle, be determined

by our calculations using the relationship,
EF = E[Cu(NO,); ]+ E[NO3] — E[Cu(NO;); | (5.1)

where E[Cu(NO3)2~], E[NO3], and E[Cu(NO3)3~] are the calculated energies of the fragment ion,
NOg radical, and the parent ion, respectively (including zero-point corrections). However, a good
estimate for E[NOgs] within our calculations is problematic due to the known challenges of the
ground state electronic structure of the NO3 radical [24]. Instead, we turn to determine E[NO3] by
using the relationship

E[NOs] = E[NO; | + EA[NOs], (5.2)

since NO3~ is computationally more tractable and its electron affinity (EA[NO3] = 3.9374+0.014
eV) has been experimentally determined to high accuracy [25]. Interestingly, the two methods used
in our calculations of fragmentation yield rather different threshold energies of 1.6 eV (RI-MP2)
and 2.7 eV (PBEO). Since we did not observe any photofragments in the energy range for the d<—d
transitions (ca. 1.8 eV), we find the calculated value from RI-MP2 calculations to be likely too low.
Our TDDFT calculations indicate that there are no allowed transitions between the d<—d bands
and the onset of the LMCT bands at about 3.5 eV, and the fragmentation threshold calculated
using PBEO is consistent with our experimental observations. The absence of photofragments in
the d<—d transition region at 1.8 eV and the onset of photofragmentation at 3.5 eV can be used to

bracket the fragmentation threshold energy experimentally.
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5.4 Summary and Conclusions

We show UV photodissociation spectra in the spectral region between 3 eV and 5.6 eV for the
copper nitrate association complex Cu(NOg3)3~. The only observed fragment channel is Cu(NO3)2 ™,
consistent with earlier CID experiments. Fragmentation likely occurs after fast internal conversion
into a highly vibrationally excited state on the electronic ground state potential energy surface.
Quantum chemical calculations indicate that the parent ion complex has Co symmetry with a
strongly distorted octahedral coordination of the copper atom. The oxidation state of the Cu
atom in this complex is between +1 and +2, and is further reduced upon fragmentation. TDDFT
calculations indicate that the most dominant contributions of the observed UV transitions are
LMCT transitions and end in the LUMO of the parent ion. Association complexes of copper
nitrate have a UV photodissociation spectrum that is similar to UV absorption spectra of copper
nitrate solutions at high concentrations. Spectral features absent from dilute solutions are caused

by LMCT transitions between nitrate ligands and the copper moiety.
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Chapter 6

Photodissocation Spectroscopy of the Hexachloroplatinate Dianion

6.1 Introduction

Multiply charged anions (MCAs) are ubiquitous in solution. In the condensed phase, solvation
stabilizes the excess charges sufficiently to overcome their inherent Coulombic instability caused
by the presence of excess electrons in a small volume. This high charge density makes isolated
MCAs (i.e. not stabilized by solvent or counter-ions) difficult to study, both computationally
and experimentally [1]. Nonetheless, because of their importance in chemistry and the interesting
challenges they present, MCAs have been the subject of much theoretical and experimental work
[2-5]. Since the first small gas-phase MCAs were experimentally observed in 1990s [6] and studied
via photolectron spectroscopy by Wang and coworkers in 1999 [7-10] many organic and inorganic
species have been investigated. Dianionic transition metal-halide complexes, particularly Werner-
type complexes [11], MX42~ and MXg2~ with platinum group metals (M = Ru, Rh, Pd, Os, Ir, Pt),
have been most deeply examined [12,13] because of their relatively large stability in the gas-phase,
their model character in inorganic chemistry and ligand field theory, and the knowledge of their
electronic excited states from condensed phase experiments [14-18].

Photoelectron spectroscopy has been used extensively to study electron emission in MCAs
[2,8,10,19-21]. In a MCA, an electron is bound by the interaction with adjacent nuclei at close
range, contributing to the electronic stability of the system. At longer distances, the electron mostly
feels repulsion from the negative charge density due to the other excess electrons surrounding the

molecular frame. These two competing forces result in a repulsive Coulomb barrier (RCBy) in the
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electron-anion interaction potential at intermediate distances, stabilizing the MCA against electron
detachment (see Figure 6.1 [10]).

In some cases, the binding energy of the most weakly bound electron can even be negative,
but because of the stabilization by the RCB.4, the MCA will be metastable towards electron
detachment with tunneling lifetimes up to hundreds of seconds [7,22-24].

Similar to the RCB for electron loss, there is a RCB stabilizing the MCA against ionic
fragmentation (RCB;y) [12,25,26]. As a result, a MCA can be metastable with respect to loss of
an anionic fragment (see Figure 6.2). In this case, tunneling is very unlikely due to the large mass
of the fragment ion, but electronic or vibrational excitation can result in ionic fragmentation by
bringing the system energy above RCB;;.

Coulombic relaxation via ionic fragmentation of Werner-type complexes has been studied by
a number of groups using different activation methods. The Dessent group used collision induced
dissociation (CID) [13] to compare the stability of in MXg2~ dianions with platinum-group metals
and Rhenium toward ionic fragmentation versus electron detachment, while Kappes and coworkers
[12,27] and Weber and coworkers [28] studied photofragmentation of IrBrg?~, which decays by loss
of one or two ligand atoms. Based on CID experiments as well as calculations, ionic fragmentation
is a lower energy pathway in these hexahalometalates than electron loss. Some are assumed to
be metastable with respect to ionic fragmentation [12,13,29-31] while they largely have positive
electron binding energies, thus are far less likely to relax by electron loss.

The behavior of hexahalometalates contrasts with that of tetrahalometalate dianions, which
are largely observed to be metastable towards autodetachment as implied by their negative second
electron binding energy [23,24,32]. This can be traced to the much smaller volume for accommo-
dation of the excess charge, as can be inferred from comparison with Pt(CN)42~ which is observed
to have an electron binding energy of ~1.69 eV [33].

Platinum group metals present a computational challenge, similar to other transition metals,
owing to relativistic and electron correlation which are likely to affect the accuracy of the cal-

culations [34]. Furthermore, the high symmetry of Werner-type complexes results in Jahn-Teller
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Figure 6.1: Schematic diagram of the RCB,4 for PtClg?~ based on experimental values from work
by Wang and coworkers [10]. Numbers shown are the experimentally determined vertical elec-
tron binding energies (in eV) for reaching the four lowest energy electronic states of PtClg~ by

photodetachment. Zero potential energy shows the ground state energy of the dianion.
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Figure 6.2: Potential energy curve for dissociation of PtClg?~ into PtCls~ and Cl~ fragments,
calculated using density functional theory (see text for details). The zero energy level corresponds
to the equilibrium structure of the PtClg?~.
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distortion in excited states [34]. In addition to being useful benchmark systems for computational
treatment, haloplatinates are of interest because of their use as precursors to platinum nanoparti-
cles [35] and as catalysts [36]. Light-mediated approaches to platinum nanoparticle formation may
play a role in future platinum industrial use [37,37]. The photochemistry of Pt(IV) complexes is
also important for the surface modification of titanium oxide and other semiconductors [38-40].
Previous studies on mass-selected PtClg?~ and related species were performed using photo-
electron spectroscopy [8] and CID [13], revealing important results on the electron binding and
emission behavior and on the lowest energy fragmentation behavior. In the present work, we will
use photodisscociation and photodetachment spectroscopy to observe both electron detachment and
ionic fragmentation pathways, and thus can gain a deeper understanding of the electronic structure
of the dianion. Photodissociation spectroscopy also allows us to explore how the dianion exicited
states couple to the redox chemistry of these species. In using a Koopmans theorem picture [41],
we consider how electrons are removed from the excited molecular orbitals of the parent species.
We focus our attention on the UV region of the spectrum in part to observe how energy in excess

of the barriers to both electron detachment and ionic fragmentation of the molecule.

6.2 Computational Methods

In order to estimate threshold energies for various dissociation pathways, geometry optimiza-
tions were performed using density functional theory (DFT) [42] as implemented in using TUR-
BOMOLE (V5.9.1 and V6.2) [43,44], employing the B3-LYP functional and def2-TZVP [45-47]
basis sets for all atoms. The relativistic core potential, ECP-60-MWB, was used in the case of
Pt. Initial geometry optimizations were performed without symmetry restrictions, then with Oy
symmetry as defined to the parent ion. Zero-point energies were calculated from vibrational en-
ergies obtained using AOFORCE [48]. Parent excited state calculations were performed using a
time-dependent density functional theory (TDDFT) using TZVP basis sets for all atoms and the
B3-LYP functional.

Estimates of threshold energies for various fragmentation pathways were calculated using
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Hess’s Law and subtracting zero-point energy-corrected internal energies of the reactants from
those of the products. Threshold energies were also corrected for the internal energies of the
parent species to more accurately compare computed threshold energies with those obtained in the

experiment according to,

hVZ‘
Usip = D (ehvi/fT 1) (6.1)

1

where h is Planck’s constant, v; is the ith vibrational frequency, k is the Boltzmann constant, and
T is the temperature of the ions, assumed to be 300 K, given by the temperature of the hexapole
ion trap where thermal equilibrium is established.

A potential energy curve of the dissociation of PtClg?~ into PtCl5?~ and Cl1~ (See Figure 6.2)
was generated by varying the length of one Pt-Cl bond in steps of 0.05 A and allowing the remainder

of the molecular coordinates to relax in a geometry optimization without symmetry restriction.

6.3 Results & Discussion

6.3.1 UV /Vis Spectrum of K;PtClg Solution

A UV/Vis spectrum of 10 mM KyPtClg (Sigma-Aldrich, reagent, 98%) dissolved in a 1:1
mixture of methanol and water at various concentrations, acquired using a Varian Cary 500 Scan
UV-visible-NIR spectrometer (version 8.01) with a 10 mm path length, 1 nm step size, 2 nm
resolution, and integration time of 0.1 s, is shown in Figure 6.3 along with calculated excitations
for PtClg?~.

It shows the characteristic shape observed by previous studies: The weak band at 4.75 eV
and the strong peak 6.25 eV at have been traditionally attributed to ligand-to-metal charge transfer
(LMCT) [49,50]. PtClg2~ is a closed shell molecule of Oy symmetry with Pt(IV) in a d° electron
configuration. The metal d-orbitals are split by ligands forming the HOMO and LUMO while the
ligand-based orbitals are at much lower in energy, as shown in Figure 6.4.

Consistent with the much more sophisticated theoretical work by Cederbaum and coworkers

[51], our molecular orbital ordering shows that while the LUMO is an e, orbital largely formed
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Figure 6.3: Top: UV /vis absorption spectrum of KoPtClg (Sigma-Aldrich, reagent, 98%) in a 1:1
mixture of methanol/water (10 mM concentration). Bottom: Calculated excitation energies of the
PtClg?~ from TDDFT calculations. The oscillator strengths of individual transitions are given
by the vertical bars. The full line represents a convolution of the excited-state spectrum with a
Gaussian (0.3 eV FWHM).
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from the metal 5d-orbital, the HOMO is of t14 symmetry with largely ligand character. In contrast,
traditional crystal field theory and molecular orbital theory have long held that both the HOMO
and LUMO are mainly of d-orbital character. The difference between these pictures is likely due
to the absence of solvent and counter-ions for dianions in vacuo [51]. In the isolated dianion, the
electron density is more localized on the ligand orbitals, resulting in their destabilization, while
stabilizing the metal d-orbitals. While the lowest energy, HOMO to LUMO transition remains
electric dipole (Laporte) forbidden, it is not a d-d transition. The lowest energy allowed transitions

predicted by TDDFT calculations are shown in Figure 6.5. The calculated excitations are red

3.76 ¢V ?

g e
%1’#;&-» ?:,,;;Q é &

Figure 6.5: Calculated low-energy electronic transitions in PtClg?~ and the involved MOs

shifted from the solution spectrum, with the lower energy bands shifted by about 1 eV and the

high energy peak shifted by about 0.65 eV.

6.3.2 Photodissociation Spectrum

Photodissociation spectra of a solution of ~10 mM KyPtClg (Sigma-Aldrich, reagent, 98%)
in 1:1 methanol:water were generated with irradiation photon energies from 3.5 to 5.6 eV. The
original step size of the spectra was ~1 meV, but the point density of the spectra reported here

was reduced by averaging batches of six adjacent data points into one data point with an effective
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step size of 6 meV. Upon irradiation, PtClg?~ undergoes dissociation or photodetachment, with
PtClg—, PtCl;~, and PtCly~ as the observed ionic products. We assume that Cl~, Cl- and possibly
Cly~ fragment ions are also produced, but due to the small kinetic energy of these light fragments
and their resulting low detection efficiency, we were not able to observe them. The ionic product

channels will be discussed separately below.

6.3.2.1 Electron Detachment Pathway

In principle, electron detachment can be characterized by monitoring the ejected electrons
(see [18]) or by detecting the monoanion resulting from electron emission. In the present work, we
follow the latter route. Our observed action spectrum for the PtClg™ fragment channel is shown in

Figure 6.6.

fragment action
[arb. units]

4?5 5.0 55 6.0
photon energy [eV]

Figure 6.6: PtClg~ action spectrum obtained by UV photodetachment from PtClg?~. Arrows show
the sum of (RCB.yq + EBE) for detachment into different electronic states of the PtClg™ monoanion
from photoelectron spectroscopy [10].

As mentioned previously, the photoelectron spectrum of PtClg?~ has been studied both
computationally [51,52] and experimentally [10]. The accessibility of this photoproduct pathway

is governed by the electron detachment RCB (RCBgy) as schematically shown in Figure 6.2.
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Dianions can decay into a singly-charged species and an electron through a number of chan-
nels, depending on the difference between RCB.4 and the photon energy for the energetically acces-
sible final states of the monoanion. If the photon energy is insufficient to overcome the RCB.4 but
above the asymptotic value of the monoanion final state, the electron can tunnel through the barrier
and escape. The geometry of the molecule will play and important role in the trajectory of any
departing electron. In the case of octahedral PtClg?~, the electron may either depart axially, along
the bond length or along a pathway between the ligands. Previous studies have indicated that the
departing electron is expected to travel between ligands, avoiding ligand electron density [18,52].

Photoelectron spectroscopy experiments by Wang and coworkers determined the electron
binding energy in PtClg?~ (the second adiabatic electron affinity) to be 1.58(5) eV, well below the
onset energy used in the present experiment. Interestingly, this value is close to the result of our
DFT computations, where we calculate the electron binding energy to be 1.30 eV. In light of the
problems one may expect regarding the performance of DFT for PtClg?~ , this agreement may be
fortuitous, although similar calculations have been rather successful in predicting fragmentation
energies for ions of similar complexity [53]. Calculations of much higher quality by the Cederbaum
group slightly overestimate the electron binding energy [51].

The shape of the photodetachment yield together with the previously determined monoainion
electronic energy levels (shown in Figure 6.6), provides insight into the detachment mechanism
active in PtClg?~. The experimental photodetachment yield shows a wide peak centered around 4.65
eV superimposed on a near-exponential increase in photodetachment signal as a function of photon
energy. The onset of photodetachment coincides with the vertical detachment energy for the ground
state of PtClg™ (1.67 eV) and the sum of RCB.4 (~2 eV), determined in photoelectron spectroscopy
experiments by Wang et al. [10]. We therefore assume that the onset of photodetachment is
due to excitation close to or above the top of the RCB.; connected to the ground state (X) of
the monoanion. We note that the RCB towards electron detachment is a nonlocal potential,
which depends on the kinetic energy of the departing electron [51]. As a result, the experimental

determination of the barrier height is to be seen as an estimate and does not allow determine the
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extent of tunneling contributing to the observed photodetachment yield.

At slightly higher photon energies, consistent with the onset of accessing the first excited
electronic state (A) of PtClg™ [10], the photodetachment yield increases in slope. We interpret this
change of slope as the manifestation of this channel being energetically accessible. We expect the
higher energy states of the monoanion to have similar increases in the slope of the photodetachment
yield. However, these comparatively subtle changes are masked by a broad resonance appearing
in the energy region of the first two dipole-allowed electronic transitions of the dianions (~4.65
eV). This resonance structure is also visible in the photofragment action spectra of PtClg™ as
discussed below. The appearance of this resonance in the photodetachment channel indicates that
electron emission is enhanced by the electronic excitation of the dianion. This type of resonance

enhancement has been seen in other studies on photodetachment from MCAs [22,54].

6.3.2.2 Ionic Fragmentation Pathways

The calculated potential energy curve for this dissociation channel, shown in Figure 6.2,
shows that the PtClg?~ dianion is thermodynamically unstable with respect to dissociation, but
survives due to the RCB towards ionic fragmentation. A similar situation has been postulated
for the case of IrBrg2~ [12]. Our calculations indicate that the barrier to ionic fragmentation is
lower than that to electron detachment, a property that has been observed previously in CID of
similar dianionic metal hexahalides [13,30]. Threshold energy calculations suggest that this species
is metastable towards decay by ionic fragmentation, with an outer RCB ~0.54 ¢V and an inner
RCB is calculated to be ~1.32 V.

The action spectrum for formation of PtCls~ from photodissociation of PtClg?~ is shown
in Figure 6.7. It is dominated by a broad peak at ~4.5 eV, which we assign to the two lowest-
energy dipole-allowed transitions in PtClg?~. The two transitions are unresolved, but the slightly
asymmetric shape of the peak suggests that the weaker 6e,<2to, transition is on the lower-energy
side of the peak, while the somewhat stronger 6e,<8t1, transition is on the higher energy side,

as expected from our calculations. Interestingly, the higher energy 6e,<T7ty, transition does not
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Figure 6.7: PtCl5~ action spectrum obtained by UV photodissociation from PtClg?~.
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contribute to the PtCls~ fragment channel, indicating a selectivity for PtCls ™ formation in the lower
energy excitations or a low survival probability of the PtCls~ photofragment at higher photon
energies. We will discuss this behavior again in the context of the observations in formation of
PtCly~ fragments below.

The photodissociation action spectrum of the PtCl, ™~ fragment channel is shown in Figure 6.8.

Up to 5 €V, the energy dependent behavior of the PtCls~™ and PtCly~ fragment channels are

fragment action
[arb. units]

35 4.0 45 5.0 55 6.0
photon energy [eV]

Figure 6.8: PtCl;~ action spectrum obtained by UV photodissociation from PtClg?™.

remarkably similar. In contrast to PtCls ™, however, the PtCly~ signal appears to grow strongly at
higher photon energies. We attribute this increase in PtCly~ photodissociation action to the low
energy slope of the 6e,4T7ty, transition (see Figure 6.4).

The loss of two Cl species and one negative charge may take place in one of two ways as

shown in the following two reactions:

PtCl2~ — PtCl; + Cl + Cl~ (6.2)

or

PtClZ~ — PtCl; + Cly (6.3)
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The reaction shown in equation (1.2) would likely proceed in a stepwise fashion with the
departure of a chloride anion followed by the loss of chlorine radical resulting from excess energy
residing in the molecule after dissociation. In contrast, reaction shown in equation (1.3) would yield
chlorine molecular anions, where the two neighboring chlorine ligands would leave at the same time
and form a Cly™ ion during the dissociation reaction.

Monitoring the light fragment ions (Cl~ or Cly™) was not possible in this experiment, due to
the low detection efficiency of these fragment ions. While this precludes the unambiguous identifi-
cation of the fragmentation reaction, we can draw parallels to other hexahalometalates and discuss
likely relaxation pathways based on the experimental evidence we have. The fragmentation chan-
nels corresponding to loss of one or two ligands have been observed before in MXg?~ complexes,
molecular dihalogen anion fragments have not been found in any fragmentation study, indepen-
dent of the activation method [12,28,55]. In all MX4?~ ions studied so far, ionic fragmentation
corresponding to the loss of a single ligand has been observed as the lowest energy decay chan-
nel. We therefore assume that relaxation of excited PtClg?~ via reaction (1.3) is unlikely, even
though we calculate this channel to be overall exothermic by ~1 eV. Consequently, we assume that
fragmentation yielding PtCly~ proceeds via reaction (1.2).

We calculate reaction (1.2) to be endothermic by ~0.65 eV, which is much lower than any of
the photon energies used, consistent with the assumption that reaction (1.2) is the active pathway
in the formation of PtCl;~. In this net reaction threshold energy, the first step (loss of C17) is ~0.8
eV exothermic (consistent with PtClg?~ being metastable with respect to ionic fragmentation).
However, since tunneling of a Cl~ can be neglected due to the large mass of the fragment, the
relevant energy threshold for this first reaction is the inner barrier height of the RCB towards ionic
fragmentation, which we calculate to be ~1.3 eV. The second step in reaction (1.3), i.e. the loss
of ClI' from PtCls™, is endothermic by ~1.45 eV, so that the estimated minimum energy for the
formation of PtCl,~ is 2.75 eV.

This leaves the question whether the loss of C1~ occurs on a repulsive electronic potential en-

ergy surface directly after excitation or after internal conversion to lower electronic states, followed
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by vibrational predissociation. Assuming that initial excitation ends on a purely repulsive curve,
most excess energy imparted above the threshold will be converted into kinetic energy release of
the fragments. If this is the case, it is unlikely that there would be enough energy left in the PtCls~
anion to facilitate the additional loss of a chlorine radical.

Accounting for thermal rotational and vibrational energy of the parent ions (~0.3 eV) and the
calculated endothermicity of the second fragmentation step, the threshold energy towards formation
of PtCly™ is 2.45 eV under the condition that no energy beyond the minimum to overcome the
RCB is deposited into kinetic energy release of the fragments.

We conclude that direct dissociation from the initially excited states is unlikely, and that
dissociation occurs after internal conversion into lower electronic states, concomitant with formation
of a strongly vibrationally excited transient PtCls™ ion, which subsequently loses a Cl radical.
This scenario is consistent with the absence of PtCl;~ fragments above 5 eV, assuming that the
PtCl5~ fragment initially formed retains enough internal energy to undergo loss of a chlorine radical
with near unit probability on the time scale of the experiment (tens of us). We note that this
reductive fragmentation step, as opposed to the oxidative loss of an electron or the redox-neutral
loss of C1~ may be important for photoreductive pathways in the context of photoinduced platinum
nanoparticle formation [56,57].

The UV /vis spectrum of a solution of KoPtClg (see Figure 6.3) and the PtCly~ action spec-
trum are very similar, and only a small solvatochromic shift is observed for the peak containing the
unresolved signatures of the 6e, < 2ty, and 6e, < 8ty, transitions (~0.2 eV). This is in keeping
with previous MXg2~ dianion photodissociation studies [12,28]. Although Sommerfeld et al. [51]
did not predict electronic excitation spectra, the solvatochromic shift can be explained by their
discussion on orbital energies in PtClg?~. They predict that d-orbitals in isolated molecules should
be stabilized as compared to their solvated counterparts owing to increased positive charge on the
metal center. The ligand orbitals, by contrast, will experience excess negative charge and will be
pushed up in energy without the presence of solvent molecules. Since the observed electronic tran-

sitions are LMCT transitions, the combination of these effects leads to the observed blue shift of
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the transitions in solution compared to the intrinsic transition energies.

6.4 Conclusions

We have measured the photodissociation and photodetachment spectra of PtClg?~ in vacuo.
The gas-phase spectrum of this dianion shows transitions similar to those in solutions, and we
assign them to 6e, < 2t9, and 6e, < 8t1, transitions. The spectral features belonging to these
transitions are ~0.2 eV lower in energy than the corresponding transitions in solution. A resonance
structure in the photodetachment channel in the vicinity of these transitions suggests that the
lifetime of the excited electronic state is sufficient to afford resonant enhancement of electron
emission. Based on the available literature for the fragmentation of other MXg2~ complexes, we
assume that fragmentation of the parent ion occurs via the loss of a Cl~ ion, followed by loss of a
Cl radical.

Further, we determined a computational estimate for the RCB towards ionic fragmentation
of PtClg?~. The energy dependence of the PtCly~ and PtCl;~ fragment channels shows the avail-
ability of sufficient residual energy after initial dissociation to result in a second dissociation step

within the time frame of the experiment.
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