ABSTRACT
Rates of Photon Induced, Metal Ion Assisted, Unimolecular Decomposition of
Gaseous Organometallic Complexes Using a Custom Built Molecular Beam Apparatus
S. Jason Dee, Ph.D.
Mentor: Darrin J. Bellert, Ph.D.

This dissertation will focus on the development of a novel technique to study the
kinetics and dynamics of transition metal ion assisted σ-bond activation of gaseous
organic molecules. The measurements reported represent the first direct experimental
determination of reaction kinetics of type:
M+ + CnHmCO →M+CO + CnHm
where M+ represented a transition metal ion and the organic molecule is often a ketone
or aldehyde. The dissociation process is activated by the metal ion and such reactions
occur with internal energies significantly less than that required to break C-C or C-H
single bonds in isolated organic molecules. Determination of the ion/molecule (and the
corresponding isotopic variants) reaction rate constants, over ranges of internal
energies, yield information about the dynamics of the reaction mechanism.

Rate

constants are extracted from the photon-induced decomposition of Ni+(Acetone),
Ni+(d6-Acetone), and Ni+(Acetaldehyde) into Ni+CO.
A custom-built molecular beam apparatus is constructed to study rates of
photon-induced unimolecular decomposition of jet-cooled ionic molecular complexes.

The complexes are generated in a pulsed system in which a seeded carrier gas entrains
liberated metal ions in a supersonic expansion. The metal ions are created through laser
ablation of a metal rod at the throat of a supersonic expansion using photons from a KrF
GAM Ex5 Excimer laser. The jet-cooled molecular beam is collimated to extract the
coldest portion of the molecular beam. The ions in the molecular beam are then
orthogonally accelerated down a TOF-MS. Photons intersect the molecular beam prior
to orthogonal extraction, resulting in fragmentation of the ionic complexes.

A

hemispherical kinetic energy analyzer is used to separate these fragmented complexes
from their respective precursor complex. Rates of decomposition are extracted from
these studies. Direct measurement of the reaction kinetics over a range of energies
yields information about the rate-limiting step in the dissociative mechanism.
Optimization of the parameters involved in the construction of the molecular beam
apparatus will also be discussed.
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CHAPTER ONE
Introduction

Certain transition metals catalyze reactions in which the transition metal
becomes weakly bound to an organic molecule.1-8 A fundamental objective of these
studies is understanding factors involved in facilitating bond activation. Though much
is known about the bond energies of these systems, additional kinetics research is
necessary to more fully understand these catalytic reactions. This chapter presents a
general description of the production and spectroscopic techniques used to measure
decomposition rates of ionic organometallic complexes.

General Description
A novel technique, described herein, combines supersonic, jet-cooled
expansions and time of flight mass spectrometry (TOF-MS) to extract kinetic
information concerning photon-induced unimolecular decomposition of cold, ionic,
mass selected organometallic complexes.

The presence of a charge stabilizes the

complex due to the long-ranged attractive potential (e.g. ion-dipole or ion-induced
dipole) which occurs between the metal cation and the organic molecule. The presence
of the positive charge bound to the dipole moment of the organic molecule makes the
ionic complex more rigid than the neutral analogue. This added rigidity raises the
vibrational frequencies of the low energy vibrational motions of the dopant. The higher
frequency modes are thus less likely to be populated due to the reduced temperatures of
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the supersonic expansion. Furthermore, mass selective studies of ionic organometallic
complexes can be achieved through the use of TOF-MS.
Organometallic ionic complexes are generated by supersonically expanding a
gas through metal ions.

Supersonic expansions are preferred for forming gaseous

organometallic ionic complexes because it provides supersaturation (ensuring cluster
formation) and effective cooling of the expansion gas within microseconds.
The expansion gas is primarily helium doped with the vapor pressure of an
organic species. Focused laser ablation of a metal rod produces the metal ions. These
ions are entrained in the supersonic expansion and travel to a Wiley-McLaren
orthogonal accelerator.9 At this juncture, the ions are extracted and directed through a
TOF where they are separated by mass. The mass spectrometer terminates in an
electrostatic energy analyzer coupled to a Burle® micro-channel plate detector where
the ions are detected.
Rates of photon-induced, unimolecular decomposition of these complexes are
determined by varying the location that a laser beam intersects the molecular beam prior
to orthogonal extraction. These studies are of scientific interest because the energy
supplied by the photodissociation laser is significantly below the adiabatic bond energy
required to cleave sigma bonds in the isolated organic molecule. Therefore, the metal
ion would have assisted in lowering the activation energy required to induce
dissociation in the complex. This is due to the ability of the metal ion to coordinate to
more than 2 ligands/bonds, thereby bringing molecules closer together. This models
catalytic behavior.
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The

decomposition

rates

Ni+(Acetone),

of

Ni+(d6-Acetone),

and

Ni+(Acetaldehyde) into Ni+CO and corresponding neutral fragments are acquired, and
will be discussed in subsequent chapters. The magnitude of the kinetic isotope effect is
used to assign the rate limiting step in the Ni+(Acetone) → Ni+CO and C2H6
decomposition process.10
The energies used to initiate the dissociative reactions of the precursor complex
ion, Ni+(d6-Ac), are well below that required to cleave C–C -bonds in isolated organic
molecules. The rate constants are compared to those acquired previously for the lighter
Ni+(h6-Ac) isotope and result in a substantial kinetic isotope effect (kH/kD ~5.5).
Arguments are made which implicate isomerization leading to C–C bond coupling as
the rate limiting step (not C–C -bond activation) in the dissociative reaction.
The decomposition of the precursor, Ni+(Acetaldehyde) complex ion proceeds
via consecutive, parallel reaction coordinates which originate with either the Ni+
assisted cleavage of a C-C or aldehyde C-H bond. Direct measurement of the reaction
kinetics over a range of energies indicates that the rate-limiting step in the dissociative
mechanism changes at cluster ion internal energies = 17200 ± 400 cm-1.

Motivation
Previous research that addresses gas phase metal ions interacting with organic
molecules and proceeding through unimolecular dissociation has been completed.10-21
Energetic requirements, dynamics and mechanisms associated with metal-induced
organic bond cleavage must be understood prior to designing reactors for alternative
energy sources,22 providing insight into enzyme activities,23,
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24

or studying drug

lifetimes in pharmaceutical research.25 This dissertation will address model systems
that can be expanded into further avenues of research.

Supersonic Expansions
Supersonic beam sources have been used in experimental studies for the past
thirty years. The theory governing supersonic expansions from circular nozzles, was
mathematically developed in 195126, and experimentally verified shortly thereafter.27 A
detailed review of supersonic beam sources was published by Morse.28 This section
follows his development.
In general, a supersonic expansion occurs when a gaseous mixture at initial
conditions,T0 and P0, is expanded through a small orifice into a vacuum, at pressure P1.
This results in the formation of a supersonic free jet molecular beam. A schematic of a
supersonic expansion into a vacuum can be seen in Figure 1.
The gas in the external source reservoir is allowed to expand into a chamber of
lower pressure through a pulsed valve. The gas reaches sonic speed (Mach 1) at the
throat of the expansion if the pressure ratio (P0/P1) is greater than (γ + ½ )γ/(γ-1).

29

γ is

the heat capacity ratio of the expansion gas. The flow is said to be subsonic if this
critical pressure ratio is not reached. The Mach number is defined as the ratio of Vx/ax,
where Vx is the velocity of the molecular beam, and ax is the local speed of sound at
position x away from the expansion. When the ratio is greater than one, the adiabatic
expansion is said to be supersonic.
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Figure 1. Supersonic expansion of a free jet from a source reservoir at T 0 and P0 into vacuum at P1.

The expansion gas may deviate from the direction of directed gas flow, as it is
unable to sense any downstream boundary conditions in a vacuum. Upon reaching a
free-jet boundary, the expansion gas will be recompressed by a series of compression
shock waves (barrel shock). This recompression heats the molecular beam, and reduces
the Mach number to subsonic values.
Several equations can be developed that accurately describe what is occurring
during the adiabatic supersonic expansion from the 1st Law of Thermodynamics:
ΔE = q + w

(1.1)

ΔE = change in internal energy of a particular system;
q = heat added to or released from the system;
w = the work done on or by the system.
The work done by the system during the adiabatic expansion must come from
the internal energy of molecules undergoing expansion. This expansion reduces the
number of thermally-populated vibrational modes in the molecule. The system cooling
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is directly related to both the heat capacities (Cp and Cv) of the expansion gas and the
pressure differential between the external source reservoir and the vacuum chamber.
The heat capacities of the gas are given by:

Cv = dE

dT V

Cp = dH

(1.2)

dT P

The change in internal energy/enthalpy for a finite change in temperature can be
calculated by integrating the above equation. Furthermore, for an ideal gas, the molar
heat capacities are related by equation 1.3, where R is the universal gas constant (8.314
J/K*mole):
Cp-Cv = R

(1.3)

The change in internal energy of an ideal gas is a function of only temperature,
thus the system can be represented as:
dE =CvdT

(1.4)

Equation 1.5 is obtained by taking into account the properties of an adiabatic expansion
(q = 0); ΔE = w = -(Pext)*dV).
Cv d

RT
dV
V

Pext dV

(1.5)

Rearrangement yields equation 1.6:
Cv

dT
T

R

dV
V

(1.6)

Integration of equation 1.6 from initial conditions (p0,T0, ρ0) to final conditions
(p1, T1, ρ1), yields:
Cv ln

T1
T0

R ln

6

V0
V1

(1.7)

The following relationships for an isentropic ideal gas can be derived through
rearrangement of equation 1.7. These relationships are acquired by substitutions based
on the ideal gas equation and equation 1.3.28

Therefore, the conditions of a

supersonically expanding gas can be calculated in terms of the temperature (T), pressure
(P), and density (ρ) of the gaseous mixture:28
1

1
T1
T0

P1
P0

;

1
0

P1
P0

1

;

1
0

T1
T0

1

(1.8)

where γ is the ratio of the heat capacities (Cp/Cv) of the expansion gas.
A simplified thermodynamic treatment30 of the supersonically expanded gas,
assuming ideal behavior, has been developed. Using this treatment, any affects arising
from viscosity or heat conduction are neglected. An adiabatic expansion converts the
molar enthalpy of the gas (H(T0)) into kinetic energy along the flow axis, resulting in:
Hx + (½)m[Vx]2 =H(T0)

(1.9)

where Hx and Vx are the molar enthalpy and average velocity of the molecular beam at
position x from the point of expansion, respectively. Hx is the remaining enthalpy in the
molecular beam post expansion. Therefore, when Hx is equal to zero, a maximum value
for Vx is reached, and equation 1.9 rearranges to yield:

VMax

2 * H T0

(1.10)

where H(T0) and μ are the molar enthalpy and reduced mass of the expansion gas,
respectively.
The stagnation enthalpy in the reservoir can be represented by H0 = CpT0,
because the Cp of a calorically perfect gas is independent of temperature. If the entire
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stagnation enthalpy of the gas is converted into kinetic energy (Hx =0), substitution into
equation 1.10 will yield:

VMax

2 * CpT0

(1.11)

The terminal velocity of supersonically expanded ideal gases, He, Ne, and Ar, are 1.77
* 105, 7.86 * 104, and 3.86 * 104 cm/sec, respectively.
Due to the substantial cooling associated with a supersonic expansion31, the
gaseous species populates only the lowest-lying vibrational modes. This cooling helps
to reduce spectral congestion that can be characteristic of complex molecular species.
It is important to interrogate the molecular beam before reaching the virtual
Mach disk, because the expansion gas would be recompressed. The recompression
increases the temperature of the expansion gas, thereby, populating the higher-lying
vibrational modes of the supersonically expanded species. The location of the virtual
Mach disk, can be calculated by the following equation29:

Xm
d

0.67

P0 1 / 2
P1

(1.12)

where Xm is the distance from the expansion orifice to the virtual Mach disk, d is the
nozzle diameter (cm), and P0/P1 is the ratio of the pressure of the source reservoir to that
of the pressure of the vacuum chamber. Empirical values of the maximum diameter of
the mach disk and the diameter of the barrel shock region have been determined to be
approximately 0.5*Xm and 0.75*Xm, respectively.29
The supersonic expansions performed during experimentation went from a
pressure of 6000 torr in the source reservoir to a pressure of 2 *10-7 torr inside a
vacuum chamber. The nozzle diameter used in this system is 0.1 cm. From equation
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1.12, the Mach disk is calculated to be approximately 116 meters from the expansion
orifice. Using the empirical relationships, the calculated mach disk diameter and the
barrel shock diameter are determined to be 58 meters, and 87 meters, respectively.
These values far exceed the physical limitations of the instrumentation ensuring that the
molecular beam is as cold as possible.
The local speed of sound is also reduced during expansion due to the
tremendous cooling of the molecular beam. The formula for the speed of sound of an
ideal gas is:
ax = [γRT/M]½

(1.13)

where γ is the heat capacity ratio and ax is the local speed of sound at position x away
from the orifice of the supersonic expansion. R is the universal gas constant (8.314
J/K*mole) and M is the molar mass of the ideal gas. The average flow velocity, Vx, of
the gas increases as random motion is converted into directed gas flow (never greater
than Vmax). As the ratio of Vx/ax becomes greater than one, the expansion reaches
supersonic velocities.
For a supersonically expanded gas that has reached distances greater than a few
nozzle diameters from the expansion orifice, it can be said to be collisionless. The
Mach number (M), under collisionless conditions, is:29
M = A (x/d)γ-1

(1.14)

where x is the distance from the expansion orifice (cm), d is the nozzle diameter (cm),
and A is a constant. This value is 3.26 for an ideal monatomic gas, but depends on the
value of γ as well.29 The temperature and pressure along the expansion axis can be
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related to the local Mach number, Mx, through substitution of previous equations,
resulting in:
Tx
T0

Px
P0

1

1

2

1

1

2

* Mx

* Mx

2

1

2 1

(1.15)

(1.16)

Rearrangement of equation 1.15 yields:
Mx

2(T0 Tx )
Tx ( 1)

where T0 is the gas reservoir temperature (298 K) and

(1.17)
is the weighted heat capacity

ratio (Cp/Cv)for the expansion gas. The weighted heat capacity ratio is determined by
accounting for the organic dopant’s concentration percentage using Dalton’s Law of
Partial Pressures.
A graphical representation of the relationship between the Mach number, the
local temperature of the molecular beam (Tx), and the local speed of sound [a(T)]of the
molecular beam for an ideal monatomic gas (γ =5/3) can be seen in Figure 2. The
temperature on the x-axis is reported as the ratio of Tx/T0. The traces are calculated
from equations 1.13 and 1.17. The decreasing trace along the x-axis indicates the
calculated Mach number, and the increasing trace indicates the local speed of sound.
As both traces along the x-axis progress from left to right, the Mach number decreases,
and the local speed of sound increases. Large Mach numbers indicate substantial
cooling within the molecular beam.
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Figure 2. Relationship between Mach number, the local speed of sound of an ideal gas, γ = 1.667,
supersonically expanding from room temperature (298 K)

At some point along the expansion axis, the molecular density of the expansion
gas becomes so small that there are effectively no collisions and the terminal Mach
number (MT) is reached. MT indicates a minimum to the velocity dispersion, and,
hence, a limit to the cooling capacity of the supersonic expansion. The terminal Mach
number can be calculated according to the following equation30:
MT = 133 (P0D)0.4

(1.18)

where P0 is the stagnation pressure of the expansion gas inside the source reservoir
(atms), and D is the nozzle diameter (cm).
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Time of Flight Mass Spectrometry (TOF-MS)
Mass spectrometry has existed for almost a century,32 and has developed into a
highly regarded tool in scientific research. TOF-MS has two important aspects: (1) the
formation of gaseous ions, and (2) ion acceleration through an electric field into a fieldfree drift region (FFR). The electric field imparts the same kinetic energy to all ions in
the acceleration region:
KE = ½ mv2

(1.19)

where m and v are the mass and velocity of the ion of interest, respectively. Since the
the kinetic energy imparted to the ions is constant, different masses will have different
velocities. Subsequently, heavier ions will be separated from lighter ions as they
traverse the FFR. Separation of ions is important because the ionic complex creation
process in the supersonic expansion is non-specific. This separation allows for the
study of a single organometallic complex undergoing photon induced unimolecular
decomposition.

Photon Induced Dissociation Spectroscopy
Photon induced dissociation occurs when a molecule absorbs a photon that is
energetic enough to overcome an inherent barrier to dissociation. Any photon with
sufficient energy can affect the chemical bonds of a chemical compound. EM waves
with the energy of visible light or higher are usually involved in such reactions.
The absorption of light in a particular bond does not necessarily cause the
rupture of that bond. Acetone, like other aliphatic ketones, absorbs UV light at about
280 nm. The C=O bond is very strong and does not break easily to give atomic oxygen.
Instead, the absorption energy leads to the cleavage of an adjacent C-C bond that is
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weaker; thus, giving a methyl radical and an acetyl radical, as seen in Figure 3. The
acetyl radical can then decarbonylate giving CO and a methyl radical, or the acetyl
radical can react with the methyl radical to give back acetone. Alternatively, two
methyl radicals could combine to form C2H6 and CO.

Figure 3. Photolysis of Acetone

Reaction Kinetics
Reaction kinetics measures rates of chemical processes. The rate of chemical
reactions can yield valuable information about the mechanism. Rates of unimolecular
decomposition of selected ionic organometallic complexes are measured at various
photon energies during experimentation. There are several factors that can influence
the rate of a chemical reaction: (1) the physical state of the reactants, (2) the
concentration of the reactants, (3) the temperature at which any reaction occurred, and
(4) the presence, or absence, of catalysts.
In this technique, all of the reactants are in the gas phase, and the reactant
concentrations do not affect the measurement of the rate constant.

The first two

considerations are addressed by supersonically expanding the reactants. As a result of
the expansion, the organometallic complexes are studied in a near “collisionless”
environment. This eliminates any outside influence on reaction rates.
The temperature of a reaction can also have a significant impact on the observed
reaction rates. The translational temperature of the molecular beam is extracted from a
Maxwell Boltzmann probability distribution.
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The energy of a molecule of mass m moving in the x direction with velocity vx is
mvx2/2, and so the Boltzmann distribution indicates that the probability density f(vx) that
a molecule has a velocity vx is given by:

f (vx ) const e

mvx2 / 2 kT

(1.20)

where k is the Boltzmann constant and T is the temperature in K. The value of the
integration constant can be determined by integrating from -∞ to -∞:

f (vx ) dvx

1 const

e

mv x2 / 2 kT

dvx

(1.21)

Using an integral table, the constant in equation 89234 is equal to (m/2πkT)1/2, so that
the Maxwell-Boltzmann distribution of molecular velocities is given by

f(vx )

(

m 1/ 2
) e
2 kT

mv x2 / 2 kT

(1.22)

Since no direction in space is favored, the same result is obtained for f(vy) and f(vz).
Thus, the probability density in three dimensions is obtained in the following equation

f ( v x , v y , vz ) (

m 3/ 2
m 2
) exp[
(v
2 kT
2 kT x

v y2

vz2 )]

(1.23)

Integration is carried out after converting to spherical coordinates through the use of the
following relationships

vx v sin cos

(1.24)

v y v sin sin

(1.25)

vz v cos

(1.26)
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The differential volume element dvxdvydvz can be written in spherical coordinates as

dvx dvy dvz v2dv sin d d

(1.27)

The probability F(v)dv can be found by integrating f(vx,vy,vz) dvxdvydvz over the angles
and :
2

F (v)dv

0

d

0

d f (v x , v y , vz ) sin v 2 dv

(1.28)

The following equation can be achieved by substituting equation23423 into the above
expression:

m 3/ 2
mv 2
F (v ) dv 4 v (
) exp (
) dv
2 kT
2 kT
2

(1.29)

Thus, the probability density F(v), for the Maxwell distribution of velocities, is

F (v )

m 3/ 2
mv 2
4 v (
) exp (
)
2 kT
2 kT
2

(1.30)

The distribution of molecular velocities, P(v), is given as:

P( v )

m 3/ 2
m(v ux ) 2
4 v (
) exp(
)
2 kT
2kTx
2

(1.31)

where Tx and ux represent the local temperature and average flow velocity in a gaseous
expansion. The above expression and its significance will be discussed in subsequent
chapters.
Catalysts also impact the rate of reaction by lowering the activation energy and
increasing the Arrhenius factor. A metal ion is used in these experiments to activate
sigma bonds of simple organic molecules. This catalytic behavior allows for the rates
of low-energy unimolecular photodissociative processes to be measured. A Nd:YAG
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pumped dye laser generates the photons that

initiate the decomposition process.

Therefore, the energy available to the reactant species is well defined.
Isotopic substitution can also greatly impact the reaction rate, thus, measuring
kinetic isotope effects (KIE) can be beneficial in the elucidation of reaction
mechanisms. A KIE involving hydrogen and deuterium is represented as:
KIE

kH
kD

(1.32)

with kH and kD represent the reaction rate constants measured at the same excitation
energy.
Unimolecular Reaction Kinetics
Unimolecular reactions influence many different chemical processes, such as
combustion chemistry,33 peptide fragmentation,34 and the dissociation of clusters.35, 36
A widely used model for calculating unimolecular rate constants at fixed energy E and
angular momentum J is the Rice-Ramsperger-Kassel-Marcus (RRKM) theory.8, 37 This
theory assumes a transtition state for passing from reactant to products and rapid
intramolecular vibrational energy redistribution (IVR) among the degrees of freedom of
the dissociating molecule.38 The prediction of RRKM theory is that k(E) increases with
increasing energy.39, 40 k(E) is the rate constant at a specific energy, E. If the density of
states of the reactant molecule is sufficiently small, unimolecular dissociation occurs via
isolated or overlapping compound resonances.41,42

The rate constants for these

resonances may vary by orders of magnitude within a narrow energy level, E ± ΔE, and
is thought to be well approximated by the RRKM k(E).43-46 However, under very lowpressure experimental conditions, the mono-energetic rate constant is predicted to be a
factor of 2 smaller than the RRKM prediction.38
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The dynamics of a precursor complex dissociating into fragments will follow 1st
order kinetics, similar to radioactive decay processes. These are systems that develop
with time due to an excitation step or some other perturbation. They can be described
by the 1st order rate equation:
At =A0e-kt

(1.33)

where the molecular complex A0 would have sufficient internal energy upon excitation
to isomerize and/or dissociate.

Equation 1.33 is dependent on the depletion rate

constant (k) of the reactant, A0. At is concentration of the molecular complex at time t.
This decomposition results in a characteristic decay curve for the molecule under a
specific set of conditions. The decay curves yield information about the system’s
progression rate towards products, the primary products of the reaction, and the various
state energies of those products.
Several criterion must be met for these decay processes to be experimentally
measured. First, and most important, the molecule/cluster/complex must absorb the
photon provided by the laser. Second, the photon provided by the laser must be of
sufficient energy to overcome an inherent activation energy barrier of the complex.
Third, there must be a way of distinguishing between single and multi-photon processes
resulting in dissociation. Fourth, separating the ionic dissociative fragments from the
precursor complex ions must be achieved. Finally, the time delay between initiation
(laser absorption) and the ultimate dissociation must be long enough to be detected, yet
short enough to be measured within the confines of experimental conditions.

17

CHAPTER TWO
Molecular Beam Apparatus

This instrumentation generates cold molecular beams to study individual
molecular ionic complexes. A molecular beam is a well-collimated stream of molecules
moving in the same general direction. Various parameters can affect the production of
these complexes. Therefore, these must be understood prior to performing kinetic and
dynamic studies. This chapter focuses on the construction of the molecular beam
apparatus used for the kinetic and dynamic studies. The vacuum pumps, pulsed valve,
the photodissociation laser, as well as various parameters associated with the molecular
beam are discussed.

Molecular Beam
A general diagram of the molecular beam apparatus is shown in Figure 4. The
photodissociation laser can intersect the molecular beam along two different axes of the
instrument: the expansion axis and the TOF axis. This intersection dictates the type of
experiment to be performed. The identity of the photo-dissociative fragments can be
ascertained when the molecular beam photodissociates as it traverses the TOF (Position
A). However, if the UV turning prism is translated to Position B, the laser intersects the
molecular beam along the expansion axis. The rates of unimolecular photodissociation
of ionic organometallic complexes can be acquired from this experimental setup, and
will be discussed in greater detail in Chapters 4 and 5.
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Figure 4. Diagram of Molecular Beam Apparatus. I) Supersonic Expansion Chamber, II) Source Block +
Metal Rod, III) Pulsed Valve, IV) 1st Molecular Beam Collimator , V) 2nd Molecular beam collimator,
VI), Wiley-McLaren Acceleration Grid9, VII) Horizontal Deflector, VIII) TOF-MS, IX) Hemispherical
Kinetic Energy Analyzer, X) MCP detector. UV prisms direct light into molecular beam apparatus.

In general, the instrument consists of two vacuum chambers separated by a
pneumatic gate valve. The molecular beam is produced through a pulsed supersonic
expansion. Ionic complexes are generated by entraining metal ions in the expansion
gas. A vaporization laser (excimer) is used to ablate a metal rod at the throat of a
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supersonic expansion. The metal rod is coupled to a rotational motor outside the
vacuum chamber to provide a fresh surface for photons from the vaporization laser to
strike. The vaporization laser beam is focused through a 5cm quartz window onto the
metal rod. A mechanical block is attached just below the quartz window on the inside
of the expansion chamber to keep the window free from diffusion pump oil.
The expansion gas is pulsed through the resulting vaporization plume forming a
molecular beam. The molecular beam is collimated prior to entering the TOF-MS
chamber to only allow the center portion (coldest) of the molecular beam to be
interrogated. The molecular beam travels approximately 79 cm (0.79m) to reach the
center of the acceleration region.
The orthogonal acceleration grid extracts the cationic species from the molecular
beam and directs them through the TOF. The cationic complexes are separated in time
based on their m/z ratio as they travel through the TOF. The length of the TOF is
approximately 1.9m in length (field free flight) and has an inside diameter of
approximately 15cm. This separation unambiguously determines the identity of the
singly charged ionic complex that is to be interrogated. A hemispherical kinetic energy
analyzer is located at the terminus of the TOF. The potential difference applied across
the two sections of hemispherical kinetic energy analyzer allows only precursor
complexes, or their respective dissociative fragments, to successfully pass through the
analyzer and strike the MCP detector.
The UV/VIS photodissociation laser can intersect the molecular beam at various
positions in the instrument by passing through one of two 3 cm diameter quartz
windows. A quartz window is situated at the junction housing the hemispherical kinetic
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energy analyzer and detector (Position A). This window allows the photodissociation
laser to intersect the molecular beam as it traverses through the TOF and induce
photolysis. The ionic fragments are detected by varying the potential applied to the
kinetic energy analyzer. Another quartz window is situated at the junction housing the
acceleration grid (Position B). This window allows the photodissociation laser beam to
pass through the window and intersect the molecular beam along the expansion axis
before its arrival in the acceleration region of the TOF.
All of the sealing surfaces on the flanges in the TOF-MS chamber are copper CF
gaskets that are pressed onto a “knife-edge” that is machined into the flanges. While
copper gaskets provide an excellent sealing surface (rated to 1 * 10-10 torr), they should
only be used once, thereby increasing the cost associated with changes inside the TOFMS chamber.

Vacuum Pump System
Three diffusion pumps are used to evacuate the molecular beam apparatus.
Each of the diffusion pumps is backed by a mechanical pump and has a water jacket
(held at 21oC) around the exterior of the pump. This water jacket ensures that the
diffusion pumps do not sustain heat damage. The small operational pressures ensure
that the molecular complexes produced will not interact with the surrounding
environment. A diffusion pump is located at each critical junction of the molecular
beam apparatus: the expansion chamber, the acceleration region, and the detection
region.
The supersonic expansion chamber is evacuated directly by the Lyebold 8000S
diffusion pump. This pump is backed by a direct drive mechanical pump with a
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pumping speed of 3000L/s. The diffusion pump fluid is DIFFELEN normal (Ref No.
17672) produced by Leybold. The pump fluid used for all of the mechanical pumps is
Type GP General Purpose Mechanical Pump Fluid (Varian Part No. K7516-302). The
background pressure of the expansion chamber is measured by a cathode ion gauge,
KJL G-100KQF25. The base pressure in the expansion chamber is 2 * 10-7 torr.
The TOF-MS chamber is evacuated by two diffusion pumps (Varian VHS-6
models), each backed with a direct drive mechanical pump. The pumping speed of
these diffusion pumps is approximately 5,000 L/s. The pump fluid used for these
pumps is SANTOVAC-5.
Liquid nitrogen traps separate each of the diffusion pumps from the TOF-MS.
These traps act as a thermal barrier to prevent hot oil from damaging the electronics in
the acceleration and detector regions. The base pressure of the TOF-MS chamber as
measured by an ion gauge (KJL G-100KQF25) is 1 * 10-8 torr.

Pulsed Valve
The molecular beam is generated by supersonically expanding a carrier gas (He
~100 psig) seeded with the vapor pressure of an organic species through a pulsed
solenoid valve into the expansion chamber. The pulsed valve used in these experiments
is a 316 stainless steel Parker Series 99 General Valve with a Kel-F® poppet. This
poppet is used because of its durability (i.e. more experiments can be completed
between servicing the pulsed valve). A schematic of the pulsed valve is seen in Figure
5.
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Figure 5. Schematic of Parker Hannafin Series 99 Pulsed Valve.

A driving pulse is applied to the coil assembly, which magnetizes and
compresses the main spring (high force constant) and pulls back the poppet. When this
occurs, the expansion gas passes through the 1mm nozzle orifice and into the expansion
chamber. When the driving pulse has ended, the main spring pushes the poppet back
into the nozzle orifice, sealing the opening.
Shims are used to vary the distance that the main spring can be compressed.
The shim width has a direct impact on the ability of the pulsed valve to operate. The
shim width is adjusted for optimal gas flow, and determined to be 0.038 inches. If the
Kel-F poppet is replaced, the optimal shim distance, (Figure 5) has to be determined for
each poppet. The shim distance, 0.038 inches, is adjusted by adding or removing a
.002” shim to achieve optimal gas flow through the nozzle orifice.
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Pulsed Valve Optimization
The pulsed valve is optimized for gas flow prior to installation. Repeated
slamming of the Kel-F poppet against the stainless steel nozzle orifice eventually results
in a leak. The driving pulse for optimization is 190 volts with a width of 250 μsec. The
flow is measured using water displacement in a graduated cylinder, as seen in Figure 6.
The inverted graduated cylinder is situated in a water-filled beaker. The flow rate of the
pulsed valve displaces water in the graduated cylinder at 30 mL/min under optimal
conditions.

Figure 6. Apparatus for measuring flow velocity of Parker Hannafin pulsed valve

Under vacuum, the optimal pulse width value is determined by varying the
pulsed width and recording the background pressure displayed on the two KJL 4500 ion
guage controllers. An example of this type of optimization procedure can be seen in
Figure 7. The optimal pulse width is set to the “sweet spot” shown in Figure 7 to ensure
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reproducibility. Depending on the pulsed valve conditions, the sweet spot typically
varies between 275 and 325 microseconds.

Figure 7. Optimization of pulse duration of pulsed valve under vacuum conditions.

The inlet system is presented in Figure 8. The carrier gas passes over organic
liquid and the organic species will mix with the carrier gas. The 1 mm nozzle orifice on
the pulsed valve is extended by a ¼ inch stainless steel block holding a metal rod. An
O-Ring seal between the pulsed valve and the stainless steel block ensures that the gas
only propagates outward. The pulsed valve and the block assembly are secured to the
supersonic expansion chamber. A ¼ inch (6.4 mm) diameter channel in the source
block holds the source metal rod. The vaporization laser ablates the metal rod at the
throat of the expansion, thus forming ionic organometallic complexes.
The percentage of organic species inside the gaseous expansion is calculated
from Dalton’s Law of Partial Pressures:
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Sample %

VPSample
VPSample

PHe

*100

(2.1)

The reduced mass and effective γ value of the various expansion gases are
calculated from equation 2.1. Heat capacity ratios are acquired from the Handbook of
Chemistry and Physics47, and the effective γ values are calculated using the appropriate
molar ratios (Table 1). The organic dopant is located inside in the source reservoir. It
is stored in an open pyrex container so that the carrier gas mixes with the vapor pressure
of the organic liquid.

Figure 8. Inlet system for doped expansion gas (side view).

Molecular Beam Collimator
This instrument contains two custom-built conical collimators to allow only the
center portion of the molecular beam to pass. These collimators are made of aluminum
fabricated in the machine shop at Baylor University. The first collimator has a cone
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angle of 30 degrees and the center opening has a diameter of 0.85 cm. The length from
the tip to the base opening is 15 cm. The collimator’s base is mounted inside the
expansion chamber and is located ~50 cm away from the pulsed valve. The machine
drawing of this device is seen in Figure 9.
Table 1. Characteristics of expansion gases used during experimentation.

Carrier
Gas

Backing
Pressure
(torr)

Dopant

He
He
He
He
Ar

5170
5170
5170
5170
5170

Toluene
Acetone
Acetone-d6
Acetaldehyde
Acetaldehyde

VP of
Dopant
@ 25oC
(torr)
25
222
222
901
901

Sample
%

Reduced
Mass
(amu)

Effective
γ

0.48%
4.12%
4.12%
14.83%
14.83%

4.36
6.22
6.47
9.95
40.61

1.662
1.659
1.659
1.594
1.594

The second collimator has a cone angle of 30 degrees and the center opening has
a diameter of 0.5 cm. The length from the tip to the base opening is 10 cm. Teflon
spacers are used to mount and electrically isolate the collimator’s base from the
acceleration grid. The collimator base is located ~75 cm away from the pulsed valve.

Acceleration Grid Region
The instrument uses a pulsed acceleration grid (Wiley Mc-Laren style
arrangement)9, 48 to drive cations produced in the supersonically expanded vaporization
plume through the TOF. The location of the acceleration grid within the apparatus can
be seen in Figure 4. The ions are orthogonally extracted, and subsequently separated by
their m/z ratio as they traverse the TOF. The orthogonal acceleration grid was custom
built in the Baylor University machine shop and fabricated out of 316L Stainless Steel.
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Figure 9. Machine drawing of the molecular beam collimator located in the expansion chamber.

The acceleration grid consists of seven parallel capacitor plates that each
measure 5 inches in length and 5 inches in width. A 1 inch by 3 inch slot is located in
the center of each plate. Each plate is stacked onto four 1 centimeter Teflon® spacers
and supported on stainless all-threads.
The first five plates are resistively divided via separate 3kΩ resistors between
each plate. The final two plates are pressed together with an O-ring, and a thin film of
nickel metal mesh is sandwiched between the two plates.

These final plates are

grounded outside the TOF-MS chamber. The mesh is electroformed by Precision
Eforming to be exactly 70 wires per inch and permit 90% maximum transmittance.
This mesh establishes a constant electric field within the final two plates of the
acceleration grid.
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A Spellman power source supplies the voltage to the acceleration grid. The
acceleration grid is pulsed ON to avoid ion deflection prior to the molecular beam
entering the grid. When the potential is applied to the acceleration grid, the resulting
electric field occurring between each parallel plate provides the kinetic energy that
propels ions through the TOF. A horizontal deflector (Figure 4) is attached at the
terminus of the acceleration grid region.

The deflector is used to correct for the

horizontal velocity component of the complexes established along the expansion axis.
Positive voltage is applied to the deflector side opposing molecular beam propagation
along the expansion axis. This helps steer larger ions toward the TOF center, and be
subsequently strike the MCP detector.

Hemispherical Kinetic Energy Analyzer
A schematic of the custom-built kinetic energy analyzer can be seen in Figure
10 and Figure 11. The potential difference across the sections of the sector can be
selected to transmit the full kinetic energy of the ion beam thus allowing the different
ionic species produced in the expansion to strike a Chevron microchannel plate detector
(Burle Industries) located at the sector’s terminus. A hemispherical kinetic energy
analyzer can be used to separate dissociative fragments from their respective precursor
complexes at the terminus of the TOF. Although the dissociation event does not
significantly affect the fragment’s velocity, the transmission voltage changes due to the
change in mass of the fragment ion.
The analyzer consists of three major components: outer section, inner section,
and mounting plate.

The potential applied to the inner and outer sections of the

analyzer is responsible for curving the ion packets along a zero electric field path in
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order to strike the MCP detector. Ruby beads and spacers electrically isolate the two
sections. Positive voltage is applied to the outer section, and the same negative voltage
is imparted to the inner section, presenting a zero electric field path to the incoming
cations.

Figure 10. Primary sections of hemispherical kinetic energy analyzer. I) Inner section of sector, II) Outer
section of sector

Figure 11. Aerial schematic of hemispherical kinetic energy analyzer. I) Ion beam entrance, II) Laser
beam entrance, III) Inner section of sector, IV) Outer section of sector, V) Ion beam exit, VI) MCP
Detector
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Photodissociation Laser
A Nd:YAG (Spectra Physics, Quanta Ray) pumped dye laser (Sirah), (Figure 4)
is used to induce photodissociation. The Nd:YAG generates approximately 1000
mJ/pulse of 1064nm light. The fundamental harmonic of the Nd:YAG can either be
frequency doubled (532nm) or frequency tripled (355nm) to pump a tunable dye laser.

Microchannel Plate Detector
A Burle Industries, Inc. Chevron™ Model 3018MA Micro channel Plate (MCP)
Detector, (Figure 12), is used to record signal from ions that strike the plate. The MCP
detector is located at the terminus of the hemispherical kinetic energy analyzer (Figure
4).

Figure 12. Schematic of Burle Industries, Inc. Chevron™ Model 3018MA Micro channel Plate (MCP)
Detector

The front plate of the MCP detector is held at a constant -1.8 kV, and the back
plate of the detector is held at a constant -50V. The ions striking the detector send a
cascade of electrons to the anode of the MCP detector which results in a detectable
signal. Signal intensity is amplified 200 times by a fast Ortec pre-amplifier, and the
signal produced is 50 Ω terminated upon reaching the Data Acquisition computer. The
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typical FWHM (full-width at half-max) of most of the mass peaks acquired during
operation is ~50 ns wide.

Velocity Distributions Within Non-Doped Supersonic Expansions
It is of vital importance to make the molecular beam as cold as possible prior to
interrogation.

Figure 13 shows the velocity distribution of Ni+ in a supersonic

expansion of helium carrier gas and ablated Ni+ ions. The expansion carries the Ni+
ions to the pulsed acceleration grid where they are orthogonally extracted. Ni+ ions are
transmitted through the kinetic energy analyzer after traversing the length of the TOF.
The time delay between the vaporization laser and pulsed valve triggering pulses
is optimized to obtain maximum signal intensity with a narrow velocity distribution.
The delay setting indicates how much earlier the pulsed valve is triggered relative to the
vaporization laser triggering pulse. Once the delay setting between the vaporization
laser and pulsed triggers is optimized, the acceleration grid and digital scope triggering
pulses are temporally scanned simultaneously.
The velocity distributions are acquired by integrating a single mass peak
(representing Ni+) during this scan. The ion velocity is defined as the distance which
the ions travel before extraction (~79 cm) relative to the time difference between the
orthogonal accelerator and vaporization laser triggering pulses. This value is only an
apparent velocity as the actual fire time of the pulsed equipment is assumed to be
equivalent to the trigger timing.

This is of no consequence as the translational

temperature is calculated from the distribution of ion velocities, and not the absolute
velocities.
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Figure 13. Velocity distribution for Ni+ seeded into a helium supersonic expansion. Delay setting for
vaporization laser/pulsed valve = 375 μsec; Temp = 12.2 K; Mach Number = 8.6. Solid line represents fit
based on Maxwell-Boltzmann distribution of velocities.

The translational temperature of the ions is determined by fitting equation 2.4 to
the experimentally measured ion velocity distribution. The solid line represents a fit of
this distribution to the Maxwell-Boltzmann distribution, from which the translational
temperature of the ions can be determined. Residuals to the fit are minimized through
simultaneous optimization of parameters in the Maxwell Boltzmann probability
distribution, ux and Tx.

The Mach number is extracted from the translational

temperature, Tx. Tx and M are 12.2K and 8.6, respectively, for Ni+ seeded into a helium
supersonic expansion.
A velocity distribution of Ni+ seeded into an argon supersonic expansion is also
completed in an analogous fashion.

The time difference (500 μsec) between the

vaporization laser and pulsed valve triggering pulses is optimized for signal intensity.
This timing difference is significantly different than that of helium (375 μsec). The
acceleration grid and digital scope triggering pulses are then scanned simultaneously to
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obtain the velocity distribution profile. The average velocity (1.3 mm/ μsec) is also
significantly different than that of helium (1.82 mm/ μsec). As before, residuals to the
fit are minimized through simultaneous optimization of parameters u and Tx. The
extracted values for Ni+ seeded into an argon supersonic expansion are Tx = 73.3 K and
M = 3.6. The extracted temperatures indicate that helium is more effective in cooling
the molecular beam (12.2 K for Helium vs. 73.3 K for Argon). This is not expected
because both helium and argon are ideal gases with very similar heat capacity ratios.
Efforts must be made to effectively cool the molecular beam to only a few K if
argon is to be used as a carrier gas. Minimization of the translational temperature is
critical to ionic beam experiments. This might be accomplished by increasing the time
of interaction in the expansion plume by partially enclosing the source block holding
the metal rod.

This would result in more collisions among the molecular beam

constituents, thus forming a colder beam. An organic dopant may increase the number
of collisions resulting in a colder molecular beam.
Velocity Distributions of Ni+(Acetone) Expansions
Minimized velocity distribution scans for Ni+(Acetone)x

complexes are

completed to determine any effect an organic dopant has on collisional cooling.
Ni+(Acetone)x complexes, [Ni+(Ac)x], are jet-cooled in an acetone doped helium
expansion entraining liberated Ni+ ions..

These jet-cooled complexes are then

orthogonally accelerated through the TOF, traverse the kinetic energy analyzer, and
strike the MCP detector (Figure 4). The potential difference across the sections of the
analyzer is selected to transmit the full kinetic energy of the ion beam (680 Volts).
Signals are recorded as ions strike the MCP detector (Figure 14).
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Figure 14. Mass spectra of Ni+(Ac)x complexes that are produced in the expansion plume

Similar to the non-doped expansions, the velocity distributions are acquired by
integrating a single mass peak as the acceleration grid and digital scope are scanned
simultaneously at various delay settings between the vaporization laser and pulsed valve
triggers. This is done to identify conditions in which the molecular beam has a narrow
distribution of molecular velocities.
As previously stated, he translational temperature of the complexes is
determined by fitting the Maxwell Boltzmann probability distribution to the
experimentally measured ion velocity distribution.

Residuals to the Maxwell-

Boltzmann distribution fit are minimized through simultaneous optimization of
parameters ux and Tx.
The results can be seen in Table 2 through Table 4. The optimal condition is
when the pulsed valve is triggered ~450 μsec before the vaporization laser is triggered.
The velocity distributions also become broader as the cluster size increases. This
indicates less effective cooling of the larger species within the molecular beam. The
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optimized Maxwell-Boltzmann distribution fit for the ionic species in the Ni+(Acetone)
expansion can be seen in Figure 15.
The traces of Figure 15 only indicate the translational temperature of the beam,
however, it is the cooling of vibrational and rotational degrees of freedom which result
in directed mass flow. The more effective cooling of the smaller complexes can be
ascribed to the number of vibrational degrees of freedom (3N-6 for nonlinear species,
and 3N-5 for linear species, where N indicates the number of atoms). Hence, larger
complexes are not as vibrationally cooled as the smaller clusters present in the
molecular beam.

The number of vibrational degrees of freedom for each of the

following complexes, Ni+(Ac)2, Ni+(Ac), Ni+CO, are 57, 27, and 4 respectively.

Figure 4
Figure 15. Apparent velocity distribution of ionic complexes generated in the expansion plume. Each
trace represents a different precursor ion cluster. The three signals are acquired simultaneously while
scanning the difference between the vaporization laser trigger and the pulsed valve trigger. The solid line
represents a fit of this distribution to the Maxwell-Boltzmann distribution, from which the translational
temperature of the ions can be determined. The Mach values indicated above are calculated from the
extracted temperature.
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Table 2. Values obtained from Maxwell-Boltzmann distribution of molecular velocities for Ni+

Ni+
Vaporization
laser/Pulsed valve
delay setting (μsec)

Tx (K)

ux (mm/μsec)

Mach number

300
375
400
425
450
475
550
600

9.6
1.2
0.7
0.2
0.1
1.2
1.3
1.5

1.47
1.58
1.59
1.62
1.63
1.64
1.60
1.52

9
23
51
86
117
60
43
22

Velocity Distributions of Ni+(Acetaldehyde) Expansions
Minimized velocity distribution scans for Ni+(Acetaldehyde)x, [Ni+(Aald)x],
complexes are completed to determine the effect the organic dopant has on collisional
cooling.

[Ni+(Aald)x] complexes are jet-cooled in an acetaldehye doped helium

expansion entraining liberated Ni+ ions..

These complexes are then orthogonally

accelerated through the TOF, traverse the kinetic energy analyzer, and strike the MCP
detector. The potential difference across the sections of the analyzer (680 Volts) is
experimentally optimized to transmit the full kinetic energy of the ion beam.
Table 3. Values obtained from Maxwell-Boltzmann distribution of molecular velocities for Ni+(Ac)

Ni+(Ac)
Vaporization
laser/Pulsed valve
delay setting (μsec)

Tx (K)

u (mm/μsec)

Mach number

300
375
400
425
450
475
550
600

12.7
3.3
1.0
0.7
0.6
1.4
4.3
6.1

1.48
1.58
1.59
1.60
1.62
1.63
1.60
1.52

5
20
48
56
70
41
32
12
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Table 4. Values obtained from Maxwell-Boltzmann distribution of molecular velocities for Ni+(Ac)2

Ni+(Ac)2
Vaporization
laser/Pulsed valve
Delay setting (μsec)

Tx (K)

u (mm/μsec)

Mach number

300
375
400
425
450
475
550
600

16.8
4.2
1.1
0.9
0.8
1.6
4.3
9.2

1.47
1.56
1.59
1.62
1.63
1.64
1.60
1.53

2
18
47
52
50
37
28
6

There is significantly more clustering than that observed in Ni+(Ac). This might
be due to a number of factors involved in cluster formation in the Ni+(Aald)x system.
Factors such as, (1) more complexation in the acetaldehyde system due to a decrease in
ligand size, (2) an increase in polarizability of the ligand which can increase
intermolecular hydrogen bonding within the complex (stabilization), (3) and the higher
vapor pressure of acetaldehyde. All of these factors may have contributed to the
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Figure 16. Mass spectra of Ni+(Aald) complexes that are produced in the expansion plume.
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These results of these experiments are generated in an analogous fashion to the
similar scans of the Ni+(Ac)x clusters discussed previously. They are achieved by
integrating a single mass peak as the acceleration grid and digital scope triggers are
scanned simultaneously at various delay settings between the vaporization laser and
pulsed valve triggers.

And, similarly to the Ni+(Ac)x clusters, the optimal setting

between the pulsed valve and vaporization laser triggers is optimized for narrowness
and signal intensity. A similar observation is also made that the velocity distributions
also became more spread out as the cluster size increased.
Similar to the Ni+(Ac)x velocity distributions, the translational temperature of
the complexes is determined by fitting equation 2.4 to the experimentally measured ion
velocity distribution.

Residuals to the Maxwell-Boltzmann distribution fit are

minimized through simultaneous optimization of parameters u and Tx. The results of
these fits can be seen in Table 5 through Table 7.
The narrow velocity distributions and high Mach numbers evident in Figure 17
through Figure 19 demonstrate the substantial cooling which occurs under optimal
experimental conditions.

Clearly, with 39 vibrational modes, Ni+(Aald)2 is not as

effectively cooled in the supersonic expansion.

This results in a wider velocity

distribution than that observed in the smaller complexes.
Table 8 gives an overall review of the optimal conditions necessary to produce
cold molecular beams under varying conditions. This table includes such information
as the optimal pulsed valve/vaporization laser delay setting for generating the molecular
complexes,, as well as the temperature, u, and Mach number associated with each
species within the molecular beam.
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Table 5. Values obtained from Maxwell-Boltzmann distribution of molecular velocities for Ni+.

Ni+
Vaporization
laser/Pulsed valve
Delay setting (μsec)

Tx (K)

ux (mm/μsec)

Mach number

375
400
425
475
500
550

0.2
0.1
0.2
0.5
0.5
1.2

1.72
1.74
1.74
1.72
1.69
1.68

84
110
86
64
53
47

Table 6. Values obtained from Maxwell-Boltzmann distribution of molecular velocities for Ni+(Aald).

Ni+(Aald)
Vaporization
laser/Pulsed valve
Delay setting (μsec)

Tx (K)

ux (mm/μsec)

Mach number

375
400
425
475
500
550

0.4
0.3
0.3
0.6
0.7
1.4

1.73
1.74
1.74
1.73
1.71
1.72

53
63
61
46
45
41

Table 7. Values obtained from Maxwell-Boltzmann distribution of molecular velocities for Ni+(Aald)2.

Ni+(Aald)2
Vaporization
laser/Pulsed valve
Delay setting (μsec)

Tx (K)

ux (mm/μsec)

Mach number

375
400
425
475
500
550

0.7
0.6
0.7
0.9
1.0
1.6

1.73
1.73
1.74
1.72
1.71
1.74

43
45
42
38
35
32
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Figure 17. Velocity distribution for Ni+ in a Ni+(Aald)x Expansion with helium as the carrier gas. Delay
setting for vaporization laser/pulsed valve = 400 usec; Temp =0.1 K; Mach Number =110. Line
represents fit based on Maxwell-Boltzmann distribution of velocities.
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Figure 18. Velocity distribution for Ni+(Aald) in a Ni+(Aald)x Expansion with helium as the carrier gas.
Delay setting for vaporization laser/pulsed valve = 400 usec; Temp = 0.3 K; Mach Number = 63. Line
represents fit based on Maxwell-Boltzmann distribution of velocities.
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Figure 19. Velocity distribution for Ni+(Aald)2 in a Ni+(Aald)x Expansion with helium as the carrier gas.
Delay setting for vaporization laser/pulsed valve = 400 usec; Temp =0.6 K; Mach Number =45. Line
represents fit based on Maxwell-Boltzmann distribution of velocities.

Clearly, with 57 vibrational modes, Ni+(Ac)2 is not as effectively cooled as some
of the smaller of the smaller complexes generated.. From Table 8 it is apparent that the
expansion gas plays a much larger role in collisional cooling than the organic dopant.
This is rationalized because the carrier gas (either helium or argon) is the most
represented species in the molecular beam. Helium is, by far, the best carrier gas to
generate the very cold (sub 1 K) molecular complexes observed. However, an organic
dopant is necessary to reach these translational temperatures. It appears that the organic
dopant increases the number of collisions significantly because the average velocities
(u) for the doped expansions are significantly less than those of the non-doped
expansions.

This lends support that an organic dopant increases the number of

molecular collisions in a supersonically expanding gas.
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Table 8. Optimal conditions and calculated values for the generation of various molecular beam
Precursor
Species

Expansion
Gas

Organic
Dopant

Vaporization
laser/Pulsed Valve
Delay (μsec)

Tx
(K)

ux
(mm/μsec)

Mach
Number

Ni+
Ni+(Ac)
Ni+(Ac)2
Ni+
+
Ni (Aald)
Ni+(Aald)2
Ni+
+
Ni (Ald)
Ni+

Helium
Helium
Helium
Helium
Helium
Helium
Argon
Argon
Helium

Acetone
Acetone
Acetone
Acetaldehyde
Acetaldehyde
Acetaldehyde
Acetaldehyde
Acetaldehyde
(none)

450 μsec
450 μsec
450 μsec
400 μsec
400 μsec
400 μsec
725 μsec
725 μsec
375 μsec

0.2
0.3
0.5
0.1
0.3
0.6
29.6
32.8
12.2

1.60
1.59
1.58
1.74
1.74
1.73
0.97
0.97
1.82

108
70
50
110
63
45
6.22
7.17
8.6

Ni+

Argon

(none)

500 μsec

73.3

1.27

3.62
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CHAPTER THREE
Experimental Procedure and Calibration

It is important that the steps taken for the initial start-up and final shut down of
the apparatus be understood to ensure experimental reproducibility and that expensive
electronics are not damaged. This chapter discusses the protocols used for optimization
of the instrument and the molecular beam. This chapter also addresses calibration of
the triggering pulses and hemispherical kinetic energy analyzer.

Start Up and Shut Down Procedures
This section focuses on the experimental start-up and shut down procedures of
the instrument. Direct drive mechanical pumps and diffusion pumps generate a low
pressure environment inside the molecular beam apparatus. The valve separating the
expansion chamber from the TOF-MS chamber is opened under atmospheric conditions
to allow the D-65 mechanical pump (direct drive mechanical pump) to evacuate the
entire apparatus to the appropriate vacuum of 20 mTorr. The detailed steps presented
here discuss the order in which the apparatus must be turned on and off.

A. General Operation
Under general operation, the diffusion pumps are left on overnight due to the
time required for the expansion chamber to reach a base pressure of 2 * 10-7 torr
(typically 48 hours). Step 6 of the shut-down procedure is generally the last step of a
normal day of experimentation. The time required for the Lyebold 8000S diffusion
pump to reach an appropriate pressure is partly due to the design of the expansion
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chamber (size and Viton O-Ring sealing surfaces). A mechanical baffle covers the
throat of the diffusion pump at a height of 6 inches above the diffusion pump to
decrease oil contamination in the supersonic expansion chamber. Signal stability would
be greatly decreased if experimentation occurs before the expansion chamber reaches
base pressure. Therefore, any adjustments made inside the expansion chamber typically
occur on a Friday, allowing the Lyebold diffusion pump to evacuate the chamber over
the weekend.

B. Start-Up Procedure
1. Ensure that the water chiller is on and set at 21oC.
2. Ensure that the foreline valves separating the mechanical pumps from the
diffusion pumps are all closed, and the valve separating the two chambers is
open.
3. Switch on the voltage to all mechanical pumps.
4. Slowly open the valves separating the mechanical pumps from the diffusion
pumps.
5. Once the pressure in the TOF-MS chamber reaches ~20 mTorr, close the gate
valve separating the two chambers (~30 minutes to reach appropriate pressure).
6. Fill the liquid nitrogen traps at a slow rate (approximately 10 minutes to fill
both traps).
7. Switch on the voltage to the diffusion pumps.
8. After 1 hour has passed, open the gate valves separating the two TOF-MS
diffusion pumps from the TOF-MS chamber.
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9. Begin turning on the detector voltage in -100 volt increments (once every 10
minutes) on the detector front plate until -1.8 kV has been reached. Once the
front plate has reached -400 volts, the voltage to the back plate can be turned on
(50V).
10. Turn on the acceleration grid box and press RESET until the green LED
light is enabled. This allows the acceleration grid to receive externally triggered
pulses.
11. Turn on the Spellman Power Supply, and set the voltage to +1.75 kV. This
Power Supply supplies voltage to the acceleration grid.
12. Apply voltage to the hemispherical kinetic energy analyzer. The potential
supplied allows selective transmission of precursor ions or their respective
dissociative fragments.

C. General Shut-Down Procedure
1. Close the gate valve separating the expansion chamber from the TOF-MS.
2. Begin turning down the detector voltage in -100 volts increments (once every
10 minutes) on the detector front plate until -400 V has been reached. Reduce
the voltage applied to the back plate to 0 V. Continue lowering the voltage on
the front plate in 100 volt increments until it reaches 0 V.
3. Reduce voltage supplied to the hemispherical kinetic energy analyzer to 0 V.
4. Turn off the Spellman Power Supply.
5. Turn off the acceleration grid box and press RESET until the green LED light
is disabled.
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6. Close the two gate valves that separate the two Varian diffusion pumps from
the TOF-MS chamber.
7. Turn off all the diffusion pump heating elements.
8. After the diffusion pump heating element has cooled to room temperature,
close the valves separating the mechanical pumps from the diffusion pumps.
10. Turn off the mechanical pumps.

Trigger Pulse Sequences
A single data acquisition computer allows a single researcher to have
simultaneous control of multiple instruments. The triggering pulses are generated from
a NI-DAQ computer and sent to the various components of the apparatus. The pulse
sequence timings are controlled at a 12.5 ns resolution. A typical pulse (5V) sent from
the NI-DAQ computer is 30 μsec in duration, except for the pulsed valve and
acceleration grid triggering pulses. The duration of these two triggering pulses can be
independently specified at the NI-DAQ computer.

A manually adjusted ORTEC®

Power supply supplies the voltage to the pulsed valve.

Pulse Sequence for Neutral Molecular Beams
Figure 20 shows a typical pulse sequence for ionizing and detecting neutral
molecular clusters in the supersonic expansion. At time t =0, the pulsed valve is
triggered and the resulting supersonically expanded gas travels toward a static
acceleration grid. A photoionization laser is then triggered to ionize the molecular
species inside the acceleration grid region. The photons intersect the molecular beam
along the expansion axis, and are of sufficient energy to ionize the species in the
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molecular beam. Ions will be repelled/attracted to the static acceleration grid if the
photons intersect the molecular beam prior to orthogonal extraction. This would result
in no detectable signal. No ions will be directed through the TOF if the photons
intersect the molecular beam after it passes through the acceleration grid region. Thus,
the timing of the ionization laser trigger is of critical importance to the detection of ions.
The optimal time for the laser triggering pulse (relative to t =0) is experimentally
determined by monitoring signal intensity of ionized clusters striking the MCP detector.
The scope (recorder) and photoionization laser are triggered simultaneously to acquire
the ions’ flight times through the TOF.
Neutral toluene clusters are generated in a supersonic expansion to aid in the
optimization of these triggering pulses. Helium is used as the carrier gas (100 psig
backing pressure) and seeded with the vapor pressure of toluene. These clusters are
photoionized in the acceleration grid region. 20-25 mJ/pulse of 532nm radiation is used
to multi-photon ionize (MPI) these clusters in the acceleration grid region.

After

ionization, they are orthogonally accelerated towards the MCP detector. Signals are
recorded as the ions strike at the MCP detector (Figure 21). Neutral clusters as large as
(toluene)16, which has a nominal mass of 1472 amu, were ionized and detected using the
molecular beam apparatus.
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Figure 20. Triggering diagram for detecting neutral organic clusters produced in a supersonic expansion
and ionized within the acceleration grid.

Figure 21 shows the acquired toluene mass spectra at various voltages applied to
the horizontal deflector. Multiplication is required to present the acquired signals at the
scale given. From this figure, it is obvious that smaller clusters in the molecular beam
are favored over larger ones. The horizontal deflector is positioned at the terminus of
the acceleration region, and positive voltage is applied to oppose motion established
along the expansion axis. Increased voltages on the horizontal deflector are used to
direct larger clusters through the TOF center.
The toluene MPI experiments are used to ascertain the time required for an
expansion gas to travel to the acceleration grid center (79.01 cm).

This value is

important because the primary objective is to study ionic organometallic beams. The
acceleration grid must be pulsed (i.e. not static) to complete these studies, so that the
ionic beam is not repelled by any charge on the acceleration grid.
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Figure 21. Toluene Clusters generated through ionization inside the acceleration grid at various
horizontal deflector settings.

The pulsed valve triggering pulse is optimized to determine the arrival time of
the seeded molecular beam. Figure 22 shows the triggering time of the pulsed valve
relative to the photoionization laser (Nd:YAG). This scan is completed by integrating a
single mass peak (toluene monomer) while temporally scanning the pulsed valve
triggering pulse. Signal intensity is optimized when the pulsed valve is triggered
approximately 900 μsec before the Q-Switch on the Nd:YAG is triggered.

Pulse Sequence for Ionic Beams
Figure 23 shows a typical pulse sequence for detecting the ionic portion of
molecular beams generated in the vaporization plume. As before, at time t = 0, the
pulsed valve receives a 190 V pulse that is 275 μsec in duration. The vaporization laser
(excimer) is triggered approximately 350-400 μsec after the pulsed valve entraining and
cooling the liberated metal ions in the supersonic expansion.

This value is

experimentally optimized for each system. The laser fluence is of critical importance
and adjusted to establish intense ion signals. Increasing the vaporization laser fluence
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will often result in diminished signals as the organometallic complexes likely dissociate
within the expansion plume.

Figure 22. Optimization of pulsed valve triggering pulse relative to triggering the photoionization laser
monitoring toluene monomer doped in a helium supersonic expansion.

The triggering time of the acceleration grid was previously determined in the
toluene MPI experiments, (Figure 22). This value is the same as that required to trigger
the ionization laser (900 μsec after the pulsed valve). The acceleration grid triggering
pulse is 80 μsec in duration and orthogonally accelerates all ions in the molecular beam.
The photodissociation laser is typically triggered after orthogonal extraction to intersect
the ionic beam along the TOF axis. Kinetics studies are performed under modified
conditions and will be addressed later.
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Figure 23. Triggering diagram for the production and interrogation of organometallic cationic complexes
in the supersonic expansion

Ni+(Benzene)x complexes, [Ni+(Bz)x], are jet-cooled in an benzene doped
helium expansion entraining liberated Ni+ ions.

These jet-cooled complexes are

orthogonally accelerated through the TOF, traverse the kinetic energy analyzer, and
strike the MCP detector (Figure 24). The photodissociation laser is not triggered in
acquiring a mass spectrum. The potential difference across the sections of the analyzer
is selected to transmit the full kinetic energy of the ion beam (680 Volts). Signals are
recorded as ions strike the MCP detector.
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Figure 24. Mass spectra of Ni+(Benzene)x complexes generated in the expansion plume.

Hemispherical Kinetic Energy Analyzer Operation
Figure 25 shows such a fragment transmission profile resulting from the laser
induced dissociation of the Ni+(Bz)2 precursor complex ion. Ni+(Bz)2 is intersected by
counter-propogating laser radiation as it travels through the TOF. Here, 5-6 mJ/pulse of
355 nm light is timed to intersect the Ni+(Bz)2 precursor ion 6 microseconds before
entrance into the analyzer. The radiation chosen is sufficient to overcome the adiabatic
bond energy of the complex and induce photolysis.

The photodissociation laser

triggering pulse is experimentally optimized for fragment production. The precursor
ion dissociates into various charged fragments which transmit through the analyzer
(sector) at their characteristic voltages, according to the following relationship:
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The signals at 432 V and 184 V represent successful transmission of dissociative
fragments. Using the above relationship, the peak at 432 V corresponds to a mass of
136 amu and is assigned as Ni+(Bz). The minor peak at 184 V corresponds to a mass of
58 amu and assigned as Ni+.
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Figure 25. Ionic fragments formed from the photodissociation of Ni +(Bz)2.

Although such preliminary experiments indicate the identity of fragment ions,
probing the molecular beam prior to entering the analyzer proves incapable of
measuring reaction rate constants. It is impossible to separate fragment ions created by
a multi-photon absorption events from those generated through single photon
absorption.

In fact, each ionic fragment peak is accentuated by a multi-photon

absorption event.
Rates of decomposition of Ni+(Bz)2 are not measured because this process only
involves the breaking van der Waals bonds. This process occurs on a time scale too fast
for this experimental setup. The rest of this dissertation will focus on the rates of
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photon-induced,

metal

ion

assisted

decomposition

of

Ni+(Acetone)

and

Ni+(Acetaldehyde) into Ni+CO, both of which involved the breaking of sigma bonds.
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CHAPTER FOUR
Unimolecular Decomposition of Ni+(Acetone) and the Rate Limiting Step
Rate constants for the low energy Ni+ assisted C-C bond cleavage reaction of
gaseous acetone have been acquired under jet cooled conditions.10, 49 The energies used
to initiate the dissociative reactions of the precursor complex ions, Ni+(h6-Ac) and
Ni+(d6-Ac), are well below of that required to cleave C-C -bonds in isolated organic
molecules. The rate limiting step is assigned by comparing the decomposition rate
constants of these two complexes. Those acquired for the lighter Ni+(h6-Ac) isotope
reveal a substantial kinetic isotope effect in the decomposition (kH/kD ~5.5). Arguments
will be presented in this chapter that implicate isomeriztion leading to C-C bond
coupling as the rate limiting step (not C-C bond activation) in the dissociative reaction.
Ni+(Acetone)x Complexes
Ni+(Acetone)x complexes, [Ni+(Ac)x], are jet-cooled in an acetone doped helium
expansion entraining liberated Ni+ ions. These jet-cooled complexes are orthogonally
accelerated through the TOF, traverse the kinetic energy analyzer, and strike the MCP
detector (Figure 26). The potential difference across the two sections of the analyzer
(680 Volts) is selected to transmit the full kinetic energy of the ion beam. Signals are
recorded as ions strike the MCP detector. Isoptopic resolution of the Ni+ cation bound
to the organic molecule is clearly observed in this figure. The focused vaporization
laser is of sufficient energy (12-15 mJ/pulse of 248 nm light) to photolyze gaseous
acetone and produce Ni+CO in the expansion plume.
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Figure 26. Mass spectra of Ni+(Ac)x complexes generated in the expansion plume

Dissociative Fragments of Ni+(Ac)
Figure 27 shows a fragment transmission profile resulting from the laser induced
dissociation of the Ni+(Ac) precursor complex ion. Here, Ni+(Ac) is intersected by
counter-propogating laser radiation as it travels through the TOF. 20-25 mJ/pulse of
532 nm light is timed to intersect the Ni+(Ac) precursor ion 12 microseconds before
entrance into the analyzer.

The photodissociation laser triggering pulse is

experimentally optimized for fragment production. The identity of the ionic fragments
can be determined in an analogous fashion to those of Ni+(Bz).
The two photodissociative fragments of Ni+(Ac) observed in high yield are Ni+
and Ni+CO. To produce the latter of these two fragments, two C-C σ-bonds must have
been broken.

This is an interesting phenomenon, as the photon used for

photodissociation is significantly lower energy than what is required to break a single
C-C sigma bond (~28,900 cm-1), much less two C-C sigma bonds. Another interesting
observation is made while optimizing the Nd:YAG triggering pulse.

57

Ni

S ig n a l

Ni-CO

CH3CO

200

Ni-CH 3CO

Ni-CH 3

300

400

500

600

Sector Voltage
Figure 27. Ionic fragments formed following the photodissociation of Ni+(Ac) using photons generated
from the 2nd harmonic of the Nd:YAG laser (532nm, or 18,800 cm-1).

Figure 28 shows the Ni+(Ac) → Ni+CO signal intensity after encountering
photons generated from the Nd:YAG. Upward going peaks indicate an increase in
signal intensity. The kinetic energy analyzer is set to only allow transmission of Ni +CO
ions (504 Volts) produced by the photodissociation of Ni+(Ac) to generate the signals
observed in Figure 28.
The time axis is the temporal displacement of the precursor ion Ni+(Ac) relative
to entering the analyzer. At zero μsec, Ni+(Ac) has already begun its transit through the
analyzer, and is consequently not struck by any photons. At all positive values of time,
the photodissociation laser strikes the complex as it travels through the TOF. The most
interesting feature is the signal observed when the photodissociation laser is triggered ~
42 μsec before Ni+(Ac) enters the analyzer. This time correlates exactly with the time
required for Ni+(Ac) to traverse both the acceleration grid region and the field free flight
path of the TOF, 2 μsec and 40 μsec respectively. Therefore, the Ni+(Ac) ion must have

58

absorbed radiation in the acceleration grid region and then decayed into Ni+CO after
This appears to be a relatively long-lived decay process of the Ni+(Ac)
N i+ C O S ig n a l In te n s ity

exiting.

precursor complex for several reasons.
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Figure 28. Laser triggering scan monitoring photodissociation of Ni +(Ac) into Ni+CO. Laser triggering
time is relative to the time of the precursor complex entering the analyzer.

First, the kinetic energy analyzer is able to discriminate between dissociative
fragments from each precursor complex based on its respective flight time though the
TOF. Therefore, any effect that the photon had on the rest of the molecular beam can
be treated as an independent event.
Secondly, if the precursor ion decayed within the acceleration grid, then no
signal would be detected, as the dissociative fragment would be imparted with the
kinetic energy of the precursor complex. Therefore, these ions would not successfully
pass through the kinetic energy analyzer when 504 volts is applied across the two
sections. Consequently, the time required for the decomposition of Ni+(Ac) must be at
least 2 μsec, and possibly longer with a rate constant that might be measured.
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A similar time profile for the photodissociation of Ni+(Ac) → Ni+ is completed
for comparison. The voltage applied to the analyzer is set to 340 Volts to allow
selective transmission of the Ni+ dissociative fragment (Figure 27). This scan did not
have a similar early peak at 42 μsec. Therefore, the deligandization of Ni+(Ac) into Ni+
occurs so swiftly that the dissociative fragments are formed within the acceleration grid.
This indicates that the breaking of a single van der Waals bond occurs on a time scale
too fast to measure this rate constant using this instrument.
Lastly, the photodissociation laser may interact with any neutral species in the
acceleration grid prior to extraction through a series of 1 and 2 photon processes. These
species will, if ionized, be accelerated with the kinetic energy of the precursor complex
(subsequently not detected). Any neutral dissociative fragments will not be accelerated
through the TOF. Further experiments are conducted to better understand the relatively
long-lived decay process of Ni+(Ac) → Ni+CO, and will be the focus of later sections.
Dissociative Fragments of Ni+(Ac)2
Figure 29 shows a fragment transmission profile resulting from the laser induced
dissociation of the Ni+(Ac)2 precursor complex ion. Three photodissociative fragments
of Ni+(Ac)2 are Ni+, Ni+CO, and Ni+(Ac). The identity of these fragments is ascertained
in an analogous fashion to those of Ni+(Ac). The Ni+ and Ni+(Ac) fragments represent
fairly uninteresting cases, as they involve simple cleavage of van der Waals bond(s).
The Ni+CO fragment is significantly more interesting and challenging, as it involves
actual breakage of multiple covalent bonds. However, the production of Ni+(Ac)2, is
significantly less intense than the production of Ni+(Ac), making further elucidation of
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the fragmentation mechanism more difficult. Future modification to the pulsed valve
system may be necessary to generate significant Ni+(Ac)2 production.
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Figure 29. Ionic fragments generated from the photodissociation of Ni +(Ac)2.

Decomposition of Ni+(Ac)→Ni+CO
The decomposition of Ni+(Ac) involves two major steps: the insertion of Ni+ into
a C-C sigma bond, and the methide shift which follows. A proposed mechanism for the
decomposition process can be seen in Figure 30. A series of experiments are conducted
to elucidate the rate limiting step, and extract the rate constants associated with the
decomposition process. In these experiments, laser radiation intersects the molecular
beam along the expansion axis (prior to orthogonal extraction). The photon energy
represents the amount of internal energy supplied to the complex because the precursor
ions are jet-cooled (to approximately 0.1 K) in the supersonic expansion.
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Figure 30. Proposed mechanism for the photon induced decomposition of Ni +(Ac)

Figure 30 presents a mechanism for the production of C2H6 and Ni+CO resulting
from the interaction of gaseous Ni+ cations and acetone. Figure 30 begins with the Ni+OC(CH3)2 dipole bound encounter complex which is formed in a jet cooled, supersonic
expansion with minimal amounts of internal energy. After absorption of a visible laser
photon, the complex had sufficient internal energy to induce chemical reaction and
approach intermediate 1 (I1) through transition state 1 (TS1). The first transition state is
a multi-centered Ni+ bound complex which placed the Ni+ cation in close proximity to
the C-

-bond of acetone. The first intermediate represented the Ni+ inserted complex

and formation of I1 is governed by the activation rate constant, kact. The second
intermediate (I2) along the reaction coordinate is an ethane molecule electrostatically
bound to a Ni+CO complex ion. This occured as I1 rearranged into the second transition
state (TS2) and this process is controlled by the isomerization rate constant, kiso. The
final step in the mechanism is the release of the product and consequent formation of
C2H6 and Ni+CO, of which Ni+CO is the only observed product. The final step is the
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breaking of electrostatic interactions and separation into products which occur with
minimal isomerization.
The difference in rate constants is defined as

k

kiso kact . When k is small,

a time lag between the initial decay of the precursor and the ultimate fragment
formation is observed. This time lag is referred to as an induction period. Such
induction periods are common in radioactive, nuclear decay and result from either the
relatively slow production and subsequent build-up of an intermediate, or, from the
relatively slow consumption of the intermediate.
Figure 30 has been presented before and is initially used to describe the
interaction of gaseous Fe+ with acetone.50 Later, the same scheme is applied to the
reactions of gaseous Ni+ and Co+ with acetone.51 Recently, density functional theory
(DFT)52 has been applied to the Ni+ + Acetone → Ni+CO + C2H6 reaction. DFT
calculated the energy of TS2 to be greater than TS1 indicating that the rate limiting step
is isomerization (CH3 shift) rather than C-C -bond activation.
Reaction Rate Constants, k(E)
The lower panels of Figure 31 through Figure 33 show the exponential decay
profiles of Ni+(Ac) dissociating into Ni+CO and C2H6, which directly result from
absorption of the laser photon energy. As the ionic complexes are jet-cooled in the
supersonic expansion, the photon energy supplied the amount of internal energy
available to the complex. The time axes of these figures indicate when the pulsed laser
is triggered to fire with respect to the ion’s temporal displacement relative to the
orthogonal accelerator (OA) ( . Zero time is defined to be the laser trigger timing at
which the ions turn away from the laser beam and are pulsed accelerated out of the
acceleration grid. At times earlier than 0
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s, the laser misses the ion beam and any

signal observed is the result of a constant collision induced dissociation background. At
times greater than 0

s, the laser intersected the molecular beam and induced

dissociation; the subset of which occurs within the TOF-MS is selectively detected on
the MCP.
The top traces of these figures plot the natural logarithm of the integrated
intensity as a function of time

. The linear portion of each decay profile is fit to a

straight line and the rate constant (k(E)) is extracted from linear regression analysis.
The rate constants are provided in each figure, as well as in Table 9, and clearly
demonstrate dependence on the internal energy of the complex. As the internal energy
of the complex decreased, so did the unimolecular dissociation rate constant.

Figure 31. The bottom panel plots the intensity of acquired fragment (Ni +CO) signal resulting from the
precursor Ni+Ac absorption of laser radiation (photon energy = 18800 cm-1). The increasing time axis
indicates when the dissociation laser is triggered to fire relative to the temporal displacement of the ions
from the OA. The top panel plots the natural logarithm of the intensity vs time, thence the first-order rate
constant is extracted. The rate constant is expressed in the figure and is labeled by the photon wavelength
used to initiate the dissociation reaction.

64

Figure 32. The same kinetic study as in Figure 31, except with a photon energy = 18000 cm-1.

Figure 33. The same kinetic study as in Figure 31, except with a photon energy = 16400 cm-1.
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The curves of Figure 31 through Figure 33 show unique behavior at early times
(0-12 s) of the unimolecular decay. Figure 31 shows a decay profile fit adequately
from 0-35 s by a single rate constant, k(E)=18800 cm-1) = 113000 ± 5000 s-1. In
Figure 32, the early data (0-8 s), does not vary with time, but, follows first-order decay
from 8-50 microseconds. From this portion of the curve, a single rate constant, k(E) =
18000 cm-1) = 96800 ± 3000 s-1 is extracted. Figure 33 shows a comparable decay
profile. Here, the data acquired at long times (12-60 s) shows exponential decay
described by a single rate constant k(E) = 16400 cm-1) = 59000 ± 2000 s-1. These
induction times at early times become more apparent as k approaches zero, and are
responsible for the time independent features in Figure 32 and Figure 33.
The profile in Figure 31 appears sharp at 0 and decays continuously, thus, the
induction time associated with 18800 cm-1 of internal energy deposited into the Ni+Ac
ion is less than the travel time through the OA. With 18000 cm-1 of internal energy, the
induction time for the Ni+(Ac) reaction forming products is ~10.4 μs determined through
inspection of Figure 32 plus the 2.4 μs travel time through the OA. Decreasing the
amount of internal energy to 16400 cm-1 (Figure 33) resulted in an increased induction
time to ~15 μs.
The early data appears to round off in a type of plateau, comparable to the
observations in Figure 32; however, built on this time invariant portion of the profile is
a fast decay curve with a relatively large rate constant. It is likely the fast decay
component results from two-photon absorption, resulting in the significantly larger rate
constant, (k(E) = 32800 cm-1) = 310000 ± 40000 s-1). The decay profiles of these
figures can be adequately described by assuming there are two rate constants that
mediate the kinetics of the reaction. One of the rate constants is rate determining and
the other is slightly larger; but, both decrease with decreasing energy.
These results indicate that either formation of TS1 and subsequent C-C -bond
activation is rate limiting -or- the cation mediated methyl migration is rate limiting.
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The induction period observed at photon energies below 18000 cm-1, is associated with
the step which is not rate limiting. Since this technique is limited to the detection of
only the final product Ni+CO, it is impossible to indicate which of the two processes is
rate limiting and which resulted in the induction periods observed at low levels of
internal energy from these results. However, it is obvious that both the rate constants
(kact and kiso) and the difference in the rate constants ( k) decreased with decreasing
amounts of internal energy (due to the lengthening induction periods).
Table 9. Kinetic parameters for in the low energy reaction of h6 -acetone by gaseous Ni+.

Internal
Energy (cm-1)

Ni h6 Ac

Ni CO C2 H6

k(E) s-1

τind (μsec)

18800

113000±5000

<1.5

18000

96800±3000

10.4±1.0

17700

92700±3000

10.9±1.0

16400

59000±2000

16.5±1.0

16100

58000±3000

16.5±1.0

15600

55000±3000

17.5±1.0

Signal Amplification of Kinetics Data
Only the precursor complexes that decompose after exiting the acceleration grid,
but prior to entering the energy analyzer, will produce detectable dissociative fragment
ions. Therefore, the molecular decay is sampled during the entire field free flight
through the TOF-MS. As the signal is carried by only those dissociating events which
occur between the orthogonal accelerator and the analyzer, the exponential waveform of
first order decay is effectively integrated between these time limits.

During

experimentation, the dissociation laser is timed to intersect the molecular beam prior to
entering the acceleration grid region. Thus, the resulting exponential decay which
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occurs within the TOF is sampled and plotted as a single point, y , given by the
following equation:
tf

y

A0 e kt dt
ti

A0
e
k

kti

e

k

A0
e
k

t ti

kti

1

1

ek

t

(4.2)

The following quantities can be pictorially represented in Figure 34, and defined as
follows:

ti: The time that the ions just exit the orthogonal accelerator and the integration
time begun;
tf: The time just before the ions entered the electric field of the sector which
marked the end of the integration time;
t: tf - ti, or the time that the ions require to traverse the field free drift region of
the TOF;
: The temporal displacement of the ions from the orthogonal accelerator at the
time the ions absorb dye laser radiation. This represents the decay time
that is lost (not sampled) during the ions flight to the orthogonal
accelerator.

is related to ti through = ti + 2.4

s (the time

required for ions to traverse the acceleration grid).
Grouping the constants in Equation 4.2 into
1 1

ek

t

k

and substituting ti = + 2.4, results in Equation 4.4,
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(4.3)

y

Thus, a plot of y -vs-

e

2 .4 k

A0e

k

(4.4)

should yield exponential decay, however, the

parenthetical term in equation 4.4 often enhances the signal intensity acquired.
Combining the

amplification with the rate constants observed in this study created a

data magnification in the observed signal ~5-10 times greater than the actual decay
profile, as seen in Figure 35. The technique developed here is proficient at measuring
first order reaction rate constants in the range of ~0.6 - ~0.01 μsec and it is believed that
this range likely extends from 1 - .005 μsec.

Figure 34. Representation of Ti and Tf relative to the ion packet as it travels down the TOF-MS. Ti is the
time at which the ion of interest exits the acceleration grid. Tf is the time at which the ion of interest is
about to enter the hemispherical kinetic energy analyzer.

Figure 35 shows the signal enhancement associated with monitoring first-order
decay typical to that observed. The shaded portion of the three graphs indicates the
integrated areas from equation 4.4, which are plotted as points in the graph below.
Under the conditions implied in Figure 35, the signal enhancement is 15.3x. This signal
amplification allowed the kinetic studies to proceed.
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Figure 35. Signal amplification. The shaded area of the top three graphs indicates the integrated signal
which is sampled at various values of time τ. The bottom graph plots the integrated data and represents
what is observed using this technique.

Reaction Progression of Ni+(Ac)→Ni+CO
For the Ni+(Ac) experiments, upon laser irradiation, the Ni+(Ac) complex ion
absorbed a visible photon and is promoted to an electronically excited state. The Ni+
cation is reasoned to be the chromophore, as electronic transitions in acetone occur only
in the UV.53,
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The lowest lying, excited electronic state of Ni+ is a 4F(3d84s) with

lowest energy spin orbit component (J=9/2) lying 8393.9 cm-1 above the Ni+ 2D ground
state.

Electronic transition to this 4F manifold of states initiated the dissociative

chemical reactions observed in this process. This Ni+ centered electronic transition
{4F(3d84s) ← 2D(3d9)} is both spin and parity forbidden. The prepared, excited quartet
electronic state of Ni+(Ac) is metastable; and the absorbed photon energy is insufficient
to cause direct dissociation into Ni+ and acetone fragments (the energy of the prepared
state is below the adiabatic bond energy of the complex) and coupling to the ground
state through photon emission is optically forbidden. Rather, there are 2 probable fates
for the metastable quartet state: (i) absorption of a second photon resulting in fast
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dissociation into fragments, or (ii) intersystem crossing to the high vibrational levels of
the ground, doublet electronic state. It is the latter process which provides the energy
(activation energy) for unimolecular dissociation into the Ni+CO and C2H6 fragments.
Figure 36 shows semi-quantitative potential energy surfaces of the ground and
excited states of Ni+(Ac) superimposed upon an over-simplified reaction coordinate.
The potential surfaces are Morse oscillator curves showing motion along the symmetric
Ni+(Ac) stretching coordinate.

Experimental or calculated data is used as input

parameters in the Morse function generating the ground potential surface. The excited
state would logically have a longer bond length, relative to the ground state. This
difference is consistent with the s←d electronic promotion. Electronic occupation of
the s-orbital increased repulsions along the bond axis and thus lengthened the Ni+(Ac)
separation. At long R, the energy difference between the two states is 8393.9 cm -1,
consistent with atomic data.
Two reaction coordinates are indicated as symbols in Figure 36: (i) a doublet
reaction coordinate which evolves from the ground doublet state, and (ii) a higher
energy quartet pathway which stems from the quartet excited state. Both coordinates
terminate in identical products; however, the fragment Ni+CO will be in different spin
states. The reaction coordinate (which may initially follow the Ni+(Ac) in plane bend) is
one where the Ni+ migrated toward the C-C -bond, activated (via insertion into) the
bond, followed by isomerization (a methide shift), and, finally, dissociation into
products.

A local minimum along the reaction path is the electrostatic, T-shaped

Ni+CO-ethane complex.
The vertical arrow of Figure 36 indicates the quartet←doublet electronic
transition which occurs to initiate the Ni+(Ac) decomposition reaction. The absorbed
photon is at energies in excess of the activation energy along the doublet reaction
coordinate. Fast intersystem crossing deposits the energy, supplied by the photon, into
high lying vibrational states within the ground electronic state potential. Although
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internal vibrational redistribution (IVR) tended to scramble the energy into the various
vibrational modes of the molecule, it is likely that the cluster modes (those involving
motion between the Ni+ and the organic molecule) retained the bulk of the energy. This
is conceivable since the Ni+ cation is the chromophore in the transition (primarily
4

F(3d84s)

2

D(3d9)) and the cluster modes may inefficiently couple to the vibrational

modes of the neutral. The net effect is the localization of energy and provision of
sufficient motion between the Ni+ cation and the acetone molecule to allow activation of
the C-C -bond.

Figure 36. Semiquantitative Ni+Ac potential energy surfaces (solid curve) superimposed upon a
hypothetical Ni+Ac → Ni+CO + C2H6 reaction coordinate (symbols). The potential energy surfaces are a
slice along the Ni+-OC(CH3)2 symmetric stretching coordinate and show both the ground doublet
electronic state and excited quartet state. The vertical arrow indicates the type of electronic transition that
initiates the dissociative reactions observed in this study. The symbols represent spin-specific reaction
coordinates. They group any activated complex into a common maximum.
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Decomposition of Ni+(d6-Ac) Complexes
Ni+(d6-Acetone)x complexes, [Ni+(d6-Ac)x], are produced in an analogous
fashion. These jet-cooled complexes are orthogonally accelerated through the TOF,
traverse the kinetic energy analyzer, and strike the MCP detector (Figure 37). The
potential difference across the two sections of the analyzer (680 Volts) is selected to
transmit the full kinetic energy of the ion beam. Signals are recorded as ions strike the
MCP detector.

These complexes are produced to better understand some of the

properties observed in the unimolecular decay of Ni+(Ac) → Ni+CO. There are several
peaks that could be ascribed to Ni+(Ac)x clusters, because normal acetone is also in the
mixture of deuterated acetone. Once again, isotopically resolved ionic complexes are
observed in good resolution at larger masses, indicating the effectiveness of the
separation during the TOF. The conditions of the experiment are to set to optimize the
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production of complexes, hence the low signal intensity for Ni+ and Ni+CO.
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Figure 37. Mass spectra of Ni+(d6-Ac) complexes generated in the expansion plume
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Reaction Rate Constants, k(E)
The decomposition process of Ni+(d6-Ac) → Ni+CO is measured in an
analogous to that of Ni+(h6-Ac). To determine whether kact or kiso is smallest, the
deuterium labeled unimolecular decomposition of Ni+-acetone complex (Ni+ (d6-Ac)) is
monitored and compared with the previously studied h6-Ac system. Both processes
involve two major steps: the insertion of Ni+ into a C-C sigma bond, and the molecular
shift which followed (in this case -DH3 as opposed to -CH3). The rate constants
acquired for both the decomposition of Ni+(h6-Ac) and Ni+(d6-Ac) should be similar if
the rate-limiting step is the Ni+ insertion. However, if the rate-limiting step is the
molecular shift, then the rate constants acquired for both the decomposition of Ni+(h6Ac) should be significantly greater than that of Ni +(d6-Ac) due to the change in mass (a
–CD3 shift, as opposed to a –CH3 shift). The final step did not involve bond activation
or significant rearrangement and is therefore not rate limiting (kdiss is assumed to be
relatively large).
The experiment conducted here, monitors the rate of precursor ion depletion
following the deposition of a known amount of energy into the cold ionic precursor.
The rate of precursor depletion is limited by the slowest step in Figure 30, however,
each hydrogen would be replaced with a deuterium.
The middle panel of Figure 38 shows the exponential decay of Ni+(d6-Ac)
precursor ions into Ni+CO and C2D6 resulting from the absorption of 16400 cm-1 of
laser radiation. The laser energy which initiated the dissociative reaction, 16400 cm -1
(red laser radiation), presented a photon energy that is significantly less than that
required to break C-C or C-H -bonds typical to isolated organic molecules.
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Figure 38 compares the unimolecular decay waveforms between Ni+OC(CH3)2 →
Ni+CO

and

C2H6

(lower

panel)

and

Ni+OC(CD3)2→Ni+CO and C2D6 (upper panel).

the

deuterium

labeled

isotope,

Both waveforms are acquired at

comparable instrumental settings and the same laser energy (16400 cm-1 ) is used to
initiate each reaction. The striking feature of Figure 38 is the obvious difference in
reaction rates between the two isotopes.

The rate constants extracted from these

analyses are for the rate limiting step in Figure 30. The rate limiting rate constant in the
low energy activation of acetone by gaseous Ni+, is ~5 times smaller for the heavier,
deuterium labeled acetone isotope at the reaction initiation energy used in this study.

Figure 38.
The bottom two panels plot the normalized signal intensity of the measured dissociative
fragment (Ni+CO) where the decomposition for each reaction is initiated by single photon absorption
(laser photon energy = 16400 cm-1). The bottom panel plots this for the Ni +(h6-Ac) precursor ion while
the center panel shows this for Ni+(d6-Ac). The top panel plots the natural logarithm of the intensity vs
time in the Ni+(d6-Ac) study. First order decay constants are extracted from this treatment.
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The early decay in the middle panel of Figure 38 is distorted by a long 35 μs
induction period (the excited precursor ions did not produce fragments for the first 35 μs
following single photon absorption).

This induction period, represented a time

equivalent nearly as long as the TOF, is part of the reason for this distortion.
Additionally, a relatively fast dissociative 2-photon absorption event is built onto the
decay curve. The final 200 μsec of the middle waveform in Figure 38 shows 1st order,
exponential decay; and, the natural logarithm of this portion is fit to a straight line as is
shown in the top panel of Figure 38. A rate constant, k(E=16400 cm-1) = 11700 ± 600s1

) is extracted from linear regression analysis and represented the rate determining step

(either kact or kiso). The fit parameters are used to construct the solid decay curve drawn
through the data points of the middle panel.
To validate the decay data acquired at 16400 cm-1, analogous measurements are
conducted using another laser energy.

The lower panel of Figure 39 shows the

unimolecular decay of Ni+(d6-Ac) precursor ions into Ni+CO and C2D6 resulting from
the absorption of 18000 cm-1 of laser photon energy. Consistent with Figure 38, the
decay curve shows somewhat unexpected behavior at early times which is due to the
long induction period before product Ni+CO fragments are produced (although the
waveforms are distorted, they can be satisfactorily reproduced through simulation, as
shown in the next section). The well-behaved, exponential profile from ~25 - 200 μsec
is fit to a straight line in the top panel of Figure 39 and the rate constant extracted from
linear regression analysis. The parameters from the fit are used to generate the solid
curve through the data points in the lower panel. The quality of the fit indicated that the
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later portion of the decay curve is well described by a single exponential with a decay
constant of k(E=18000 cm-1) = 16000±800 s-1.
Figure 39 compares the unimolecular decay waveforms between the Ni+(d6-Ac)
precursor (top panel) and Ni+(h6-Ac) precursor (bottom panel) acquired at a photon
energy of 18000 cm-1. As before, there is a striking difference observed between the
decay rates. The rate constant describing the decay of the lighter, Ni+(h6-Ac), is roughly
6x larger than that for the heavier, deuterium labeled isotope.

Figure 39. The same comparative kinetic study as Figure 38, except the reaction is initiated with a
photon of energy = 18000 cm-1.
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Induction Periods in the Unimolecular Dissociation of Ni+(Ac)
Previously,

rate

constants

(k(E))

associated

with

the

unimolecular

decomposition of Ni+(h6-Ac) are measured. Those earlier results indicated the necessity
to include an induction period to describe the precursor ion decay waveform at low
amounts of internal excitation. At that time, the rate limiting step is ascribed to one of
the two processes, activation or isomerization, and the induction period is associated
with the other. Table 10 lists the rate constants presented here as well as those found
earlier for the Ni+(Ac) →Ni+CO + C2H6 reaction.
Table 10. Kinetic parameters for in the low energy reaction of h6 and d6-acetone by gaseous Ni+.

Internal
Energy (cm-1)

Ni h6 Ac

Ni CO C2 H6

kiso(E) s-1

τind (μsec)

18800

113000±5000

<1.5

18000

96800±3000

10.4±1.0

17700

92700±3000

10.9±1.0

16400

59000±2000

16.5±1.0

16100

58000±3000

16.5±1.0

15600

55000±3000

17.5±1.0

Ni d 6 Ac

Ni CO C2 D6

kiso(E) s-1

τind (μsec)

16000±800

18±4

11700±600

35±4

The studies on the deuterium labeled Ni+(d6-Ac) analog helped clarify those
initial results presented earlier. The rate limiting step is the isomerization of the first
intermediate to form TS2. The rate constants which are measured directly here (and
which have been measured for the Ni+(h6-Ac) system) are kiso(E). The induction periods
which must be invoked to describe the observed decay waveforms are associated with
the activation of the C-C -bond during the formation of TS1. It is clear from Table 10
that both the rate constants and the induction periods are affected by deuterium labeling.
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The ratio of the induction periods average to ~ 2 while the kinetic isotope effect (kH/kD)
averages to ~ 5.5. Both the formation of TS1 and TS2 necessitated motion of the methyl
group, however, more methyl motion occurs during formation of TS2 which resulted in
the larger effect observed upon isotopic labeling. Still, a 40% lengthening of the C-CH3
-bond during formation of TS1 presented a smaller, yet measurable, kinetic isotope
effect in the form of longer induction periods which occur upon deuterium labeling.
Essentially, the Ni+CO product ion cannot be observed until a sufficient quantity of I1 is
produced. The time required to produce this quantity is identified here as the induction
time. Only after this time had elapsed can I1 progress to I2 (and products) through TS2
which is the rate limiting step resulting in the observed exponential decay.
Rate Limiting Step in the Unimolecular Dissociation of Ni+(Ac)
From Table 10, the measured magnitude of the rate constant ratio between the
decomposition of Ni+(h6-Ac) and the deuterium labeled Ni+(d6-Ac) resulted in a large
kinetic isotope effect (kH/kD ~ 5). The large ratio magnitude observed suggested that
there must be significant motion of the isotopically labeled methide during the
formation of the rate limiting transition state. The logical candidates for the rate
limiting step are either the formation of the multi-centered Ni+ transition state (TS1, kact
> kiso) or the formation of tri-coordinated Ni+ (TS2, kact < kiso). The formation of both
transition states have been implicated as the rate limiting step in the mechanism.52, 55 It
is clear from Figure 30 that isomerization of the methyl group involved the greater
amplitude motion and is therefore responsible for the large kinetic isotope effect
measured here for the rate limiting step. It is concluded that methyl isomerization is the
rate limiting step along the Ni+(Ac) reaction coordinate.
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DFT calculations are compared to validate this conclusion.52 Based on the
minimized geometries of the DFT calculated reaction coordinate, in order for the
complex to progress from the EC to TS1, the Ni+cation moved relative to a nearly
stationary acetone molecule. The motion expressed by the acetone molecule is a 40%
lengthening of the C-CH3 -bond as the cation approached, thus forming TS1. Once
formed, the Ni+ inserted exoergically into the acetone C-C bond and I1 represented a
local minimum along the reaction coordinate. The first intermediate had Cs symmetry
with the Ni+cation, oxygen, and the two previously bonded carbons in a common plane.
The C-Ni+-C bond angle is 113o with the remaining methyl group tilted away from the
Ni+.52 This intermediate isomerized to form TS2 which involves methyl migration to the
Ni+ center. The migration path can be visualized as an O=C-CH3 rotation about the
Ni+-C axis until the Ni+-C-O bond angle is nearly linear. As the methyl swings to the
opposite side of the molecule, the remaining C-CH3 -bond lengthens nearly 40% and
the methyl carbon bonds to the Ni+ center forming the tri-coordinated cation.52
Calculation indicated that this step along the reaction coordinate lies 12.9 kcal/mol
above C-C bond activation.52 Therefore, based on the large kinetic isotope effect
measured here, and that the isomerization step to form TS2 required the most significant
motion of the isotopically labeled (CD3) species, it is concluded that kiso > kact and that
isomeriztion is rate limiting in agreement with DFT calculation.52
The most probable reason why the formation of the tricoordinated cation is rate
limiting is due to the inability of Ni+ to form three simultaneous covalent interactions.
The ground electronic state of the Ni+ cation is a 2D (3d9). To form the covalent bonds
in the inserted complex (I1), the cation likely promoted to the 4F (3d84s) configuration
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which now had two unpaired electrons. The electronic promotion cost (~8400 cm-1) is
offset by the bonding to the methyl and carbonyl carbons. The formation of three
covalent bonds necessitated one additional unpaired Ni+ electron which is unlikely as
the energy promotion costs would be prohibitive.

Waveform Simulations
The reaction kinetics is controlled by the formation of two transition states,
making both kact and kiso kinetically important steps along the reaction coordinate. The
solutions to the differential rate equations which govern precursor loss and fragment
production have been solved for this type of system by Harcourt and Esson. 56,
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Following their treatment, the time variations in the concentrations of (Ni+Ac)t, the first
intermediate in Figure 30 (I1)t, and product (Ni+CO)t could be derived:
( Ni Ac) t
( I1 ) t

( Ni CO) t

( Ni Ac) 0

( Ni Ac) 0 e
k act
e
kiso k act

( Ni Ac) 0
k 1 e
kiso kact iso

kact t

k act t

k act t

(4.5)
e

kiso t

kact 1 e

where the difference in rate constants is defined as

k

(4.6)

kiso t

(4.7)

kiso kact Under conditions

when k is large, Equation 4.7 reduces to:

Ni CO t
where

Ni Ac 0 1 e

t

(4.8)

= kact when activation of the C-C -bond is rate limiting (kact << kiso); and

=

kiso when isomerization (the metal mediated methide shift) is rate limiting (kact >> kiso).
Regardless, under conditions when

k is large, the production of fragment Ni+CO
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occured simultaneously as the precursor (kact rate limiting), or the intermediate (kiso rate
limiting) decayed.
The rate equations, when programmed, represent a model resulting in software
that produced three waveforms: precursor depletion (equation 4.5), the buildup and
depletion of the first intermediate (equation 4.6), and fragment production (equation
4.7). The program generates a fourth waveform by integrating fragment production
under instrumental conditions, thus simulating observation.

The simulation is not

dependent upon the assignment of the kact or kiso as rate limiting. To operate the
software, one of the rate constants is inputted as the fixed value determined through
regression analysis. The remaining two input parameters ((Ni+Ac)0, kact or kiso ) are
manually adjusted until the contour of the simulated waveform overlayed the
experimental waveform. However, under the constraints of equations 4.5 through 4.7,
no combination of the input values could be found to provide adequate simulation of the
observed waveform.

It appeared that direct application of the rate equations is

incapable of modeling the early portions of the decay.
Through observation, the character of the of the depletion waveforms indicates
that fragment ions are not immediately produced. Therefore, to improve the model, an
induction period is implemented that delayed fragment production. The assumption is
that this delay correlated with the time of maximum intermediate production; thus,
fragments are not observed in sufficient quantity until the intermediate has reached
maximum concentration. The program is modified to incorporate this induction time.
This time value is determined by setting the first derivative of equation 6.2 equal to
zero.

Application of the improved model adequately simulates the experimental

waveforms as shown in Figure 31 through Figure 33. Again, one rate constant (kact or
kiso) is fixed by the value measured directly and the remaining two parameters (the
initial concentration and the remaining rate constant) are adjusted until agreement
between simulation and experiment is visually confirmed.
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The top panels of Figure 40 and Figure 41 show the simulated (solid curve)
superimposed upon the observed (points) in the Ni+(h6-Ac) depletion waveforms. The
lower panels display the precursor and intermediate waveforms generated from
equations 4.5 and 4.6.

The fragment production waveform is from equation 4.7;

however, this waveform is delayed by the induction period which correlated with
maximum intermediate concentration. The rate constants used to generate the simulated
waveform in Figure 40 are kact = 21.0 x 104 s-1 and kiso = 9.68 x 104 s-1, where kiso is
held constant at the value acquired through regression analysis.
The observed Ni+(d6-Ac) depletion waveforms are shown in the top traces of
Figure 42 and Figure 43 and. The solid lines are simulated using the same modeling
software.

Again, fragment production (bottom trace) must be delayed until the

intermediate had reached maximal concentration in order to adequately reproduce the
early portions of the decay waveform. The induction period and relatively small rate
constants are responsible for the apparent cusp in the simulated and observed precursor
ion decay waveforms in the top panels of Figure 42 and Figure 43. The rate constants
used in the simulation, as well as the resulting induction periods, are shown previously
in Table 10.
Not only do the kinetic simulations quantify the reaction induction times, they
also indicate an interesting facet to the experimental technique developed.

The

integration of the 4th waveform (fragment) using instrumental parameters resulted in
multiplication in order to be displayed at the same intensity as the observed precursor
decay waveform. This resulted in amplification associated with integration of the
waveforms as the precursors decayed through the length of the TOF. Also obvious in
Figure 42 and Figure 43 is how our technique discriminates against fast decay
processes. The slow decay is considerably amplified relative to the fast, 2-photon
initiated reaction and thus permits operation of the lasers at high photon fluence without
significant contamination of 2-photon absorption events.
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Figure 40. (Top panel) The Ni+(h6-Ac) decay waveform shown with simulation. The photon energy used
to initiate the decomposition reaction is 18000 cm-1. (Bottom panel) The three waveforms showing
precursor depletion, intermediate production followed by depletion, and fragment production (delayed by
the induction period which correlates with the maximum in the intermediate waveform). Fragment
production is integrated under instrumental conditions to generate the simulation in the top panel.

Figure 41. The same type of kinetic simulations as Figure 40, except the reaction is initiated with a
photon of 16400 cm-1.
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Figure 42. The same type of kinetic simulations shown in Figure 40, except for the unimoleuclar decay
of the Ni+(d6-Ac) precursor ion.

Figure 43. The same type of kinetic simulations shown in, except for the unimoleuclar decay of the
Ni+(d6-Ac) precursor ion.

Summary
The rate limiting step in the low energy reaction to form neutral ethane gas and
Ni+CO from the electrostatic bound Ni+Ac complex is the isomerization of the methyl
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group leading to C-C bond coupling. This step followed the activation of the C-C bond. This is concluded by measuring the unimolecular decomposition rate constants
for both the Ni+(h6-Ac) and the deuterium labeled Ni+(d6-Ac) species. It is found that
deuterium labeling affected both the activation and the isomerization step leading to the
production of Ni+CO.

Thus, both are kinetically important processes in the Ni+

mediated photodissociation of acetone into ethane and Ni+CO. The induction period
increased by a factor of 2 while the rate constants changed by ~5.5x. It is therefore
reasoned that the larger effect resulted from the isomerization as this step required more
motion of the deuterium labeled methyl group as indicated through DFT calculations.52
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CHAPTER FIVE
Low Energy Reaction Rate Constants for the Ni+ Assisted Decomposition of
Acetaldehyde: Observation of C-H and C-C activation
Rate constants for the low energy Ni+-assisted dissociative reaction of
acetaldehyde have been measured under jet-cooled conditions in the gas phase.58 The
rate constants are acquired through monitoring the time dependence of fragment, Ni+CO
formation. The decomposition of the precursor, Ni+-acetaldehyde cluster ion proceeds
via consecutive, parallel reaction coordinates which originate with either the Ni+
assisted cleavage of a C-C or aldehyde C-H bond. The energies used to initiate these
reactions are well below that required to cleave
molecule.

-bonds in the isolated acetaldehyde

Direct measurement of the reaction kinetics over a range of energies

indicates that the rate-limiting step in the dissociative mechanism changes at cluster ion
internal energies = 17200 ± 400 cm-1. Arguments are presented that this energy marks
the closure of the dissociative coordinate which initiates with C-H -bond activation
and thus provides a measure of the activation energy of this dissociative pathway.
Ni+(Acetaldehyde) Complexes
The molecular beam is generated through pulsed laser (248 nm) vaporization of
relatively pure (99%), rotating nickel rod under high vacuum conditions.

High

pressure, pulsed helium gas (doped with the vapor pressure of pure acetaldehyde) is
timed to entrain the Ni+ cations into the doped plume. Source conditions are optimized
to form the coldest ionic clusters possible. This is done by minimizing the distribution
of precursor ion velocities in the beam. These jet-cooled complexes are orthogonally
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accelerated through the TOF, traverse the kinetic energy analyzer, and strike the MCP
detector (Figure 44). The potential difference across the two sections of the analyzer
(680 Volts) is selected to transmit the full kinetic energy of the ion beam. Signals are
recorded as ions strike the MCP detector.

Under optimal conditions, substantial

clustering of the acetaldehyde monomer units onto a single Ni+ cation further illustrates
the effective cooling of the supersonic expansion. Figure 44 shows a mass spectrum
where up to five acetaldehyde molecules clustered onto a Ni+ cation are visible.
Factors such as, (1) more complexation in the acetaldehyde system as opposed
to the ketone systems due to a decrease in ligand size, (2) an increase in polarizability of
the ligand which can result in an increase of intermolecular hydrogen bonding within
the complex (stabilization), (3) and the higher vapor pressure of acetaldehyde, may have
resulted in the formation of more heavily complexed organometallic species than those
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Figure 44. Mass spectra of Ni+(Aald) complexes generated in the expansion plume.
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Dissociative fragments of Ni+(Aald)
Figure 45 shows a fragment transmission profile resulting from the laser induced
dissociation of the Ni+(Aald) precursor complex ion. Here, Ni+(Aald) is intersected by
counter-propogating laser radiation as it travels through the TOF. 20-25 mJ/pulse of
532 nm light is timed to intersect the Ni+(Aald) precursor ion 9 microseconds before
entrance into the analyzer (sector). The photodissociation laser triggering pulse is
experimentally optimized for fragment production. The identity of the ionic fragments
can be determined in an analogous fashion to those of Ni+(Ac).

S ig n a l

Ni

Ni-CO

300

350

400

450

500

550

600

Sector Voltage
Figure 45. Ionic fragments formed following the photodissociation of Ni +(Aald) using photons generated
from the 2nd harmonic of the Nd:YAG laser (532nm, or 18,800 cm-1).

The voltage requirements for the successful transmission of dissociative
fragments from Ni+(Aald), Ni+ and Ni+CO, are 386 and 573 volts applied to the
analyzer, respectively. The two dissociative fragments from the photodissociation of
Ni+(Aald) observed in high yield are Ni+ and Ni+CO. To produce the latter fragment, a
C-C σ-bond, and a C-H σ-bond must have been broken. This is of interest because the
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dissociation occurs at much lower energy than what is required to break either a C-C
sigma bond (~28,900 cm-1) or a C-H sigma bond (~34,400 cm-1), much less the energy
required to break both bonds. Another interesting observation is made while optimizing
the Nd:YAG triggering pulse.
Figure 46 shows the Ni+(Aald) → Ni+CO signal intensity after encountering
photons generated from the Nd:YAG. Ni+(Aald) is intersected by counter-propogating
laser radiation as it travels through the TOF. Upward going peaks indicate an increase
in signal intensity. The kinetic energy analyzer is set to only allow transmission of
N i+ C O S ig n a l In te n s ity

Ni+CO ions (573 Volts) produced by the photodissociation of Ni+(Ac) generating the
observed signals.
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Figure 46. Laser triggering scan monitoring photodissociation of Ni +(Aald) into Ni+CO. Laser triggering
time is relative to the time of the precursor complex entering the analyzer.

The time axis is the temporal displacement of the precursor ion Ni+(Ac) relative
to entering the analyzer. At zero μsec, Ni+(Aald) begins its transit through the analyzer,
and is consequently not struck by any photons. At all positive values of time, the
photodissociation laser strikes the complex as it travels through the TOF. The most
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interesting feature is the signal observed when the photodissociation laser is triggered ~
39 μsec before Ni+(Aald) enters the analyzer. This time correlates exactly with the time
required for Ni+(Aald) to traverse both the acceleration grid region and the field free
flight path of the TOF, 2 μsec and 37 μsec respectively. Therefore, the Ni +(Ac) ion
must have absorbed radiation in the acceleration grid region and then decayed into
Ni+CO after exiting.
Mechanistic Pathway of Ni+(Aald) → Ni+CO + CH4
Acetaldehyde is the quintiessential aldehyde and should prove an interesting
species to complex with Ni+. The decomposition process of Ni+(Aald) is also studied in
order to better understand the decomposition process in organometallic complexes.
Ni+(Aald) represents a more complex case-study than Ni+(Ac), because there are two
possible pathways in which the decomposition can occur, as opposed to the
decomposition of Ni+(Ac). It has been theoretically postulated that the Ni+ mediatied
decomposition of Ni+(Aald) proceeds through four steps along the reaction coordinate:
encounter complexation (EC), C-C or C-H σ-bond activation [(kact)C-C or (kact)C-H
respectively], hydride or methide shift [(kiso)C-C or (kiso)C-H respectively], and
nonreactive dissociation.

The left trace in Figure 47 shows the decomposition of

Ni+(Aald) along the C-C σ-bond activation reaction coordinate: insertion of Ni+ into a
C-C sigma bond, and the hydride shift which follows. The right trace shows the
decarboylation of Ni+(Aald) along the C-H σ-bond activation reaction coordinate: the
insertion of Ni+ into a C-H sigma bond, and the methide shift which follows.
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Figure 47. Two competing pathways leading to the decomposition of Ni +(Aald). Left trace: Ni+ insertion
into a C-H sigma bond, followed by a methide shift. Right trace: Ni+ insertion into a C-C sigma bond,
followed by a hydride shift. Both pathways lead to the formation of the same products: Ni +(CO) and
CH4.

The process through which the decomposition of a metal ion bound to
acetaldehyde occurs has been debated as to what the rate limiting step is. KERDS
studies of transition-metal-mediated H-H, C-H, and C-C bond activations of alkanes
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that lead to the elimination of molecular hydrogen, alkanes, and alkenes have suggested
that the σ-bond activation is the rate limiting step.51 Yet, there is a profound difference
between reaction dynamics of carbonyls and alkanes with metal ions, so the
decomposition of a metal ion bound to acetaldehyde may have a different rate limiting
step than a metal ion bound to an alkane. Theoretical research has indicated that it is
the molecular migration rather than activation that is the rate limiting step.59
Reaction Rate Constants of Ni+(Aald) → Ni+CO + CH4
Rate constants for the unimolecular decomposition reaction, Ni+(Aald) →
Ni+CO + CH4, have been measured over a range of internal energies in a comparable
way to those of Ni+(Ac) → Ni+CO + C2H6.

The energies used to initiate the

dissociative reaction are well below the energy required to cleave the C-C or C-H bond of isolated acetaldehyde. Panels A and B of Figure 48 show fragment production
waveforms measured for the Ni+ assisted decomposition of acetaldehyde into Ni+CO
and CH4.

The reaction in each panel is initiated through absorption of a different

energy photon (18200 and 16800 cm-1, respectively). These waveforms are acquired by
scanning the time delay between the reaction initiation laser firing and the orthogonal
accelerator pulse in an analogous fashion to the previous studies. Plotting the natural
logarithm of the intensity versus time yielded values for the rate constants observed in
the figure. Additionally, the fit parameters are used to construct the solid curve drawn
through the data points in each panel. The majority of the waveform in panel A is well
described by a single exponential growth curve while the entirety of the waveform in
panel B is well described as a single exponential. In panel A, the data at time values

93

from 0-6 microseconds deviated from this single exponential description, which
indicates a more complicated, energy-dependent fragmentation pathway.

Figure 48. Fragment production waveforms measured for the decomposition of Ni +(Aald) at two
different precursor ion internal energies. The rate constants shown in each panel indicate the laser
wavelength which supplied the activation energy for the unimolecular decomposition reaction. The rate
constants are extracted from a linear analysis of the waveform intensity and are a measurement of the
rate-limiting step in the dissociative mechanism.

The waveforms observed in panels A and B of Figure 48 represent a type of
limiting behavior observed for the Ni+ assisted dissociation of acetaldehyde.

All

fragment production waveforms acquired for the unimolecular decomposition of
Ni+(Aald) at energies less than 16800 cm-1 have the same single exponential form.
Measurements made at energies greater than 17700 cm-1 possess the same biexponential behavior as observed in the top panel of Figure 48. The change that occurs
between bi- and single exponential growth is subtle, and waveforms measured at
reaction initiation energies between these two limits express characteristics of both
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waveforms. Therefore, useful rate information could not be extracted from studies
between these two limits.
The rate constants provided in the panels of Figure 48 are for the rate-limiting
step which connects reactants to products in the Ni+ assisted dissociative reaction
mechanism.

Since the waveform appears different at the two reaction initiation

energies used in Figure 48, the rate-limiting step is different at these two energies,
because one would expect the rate constant to decrease as the photon energy decreases.
Comparisons between the magnitudes of the measured rate constants provide additional
support for this claim. From Table 11, the observed rate constants for the Ni+ assisted
dissociation of acetone decrease systematically with internal energy as expected.
However, there is an obvious discontinuity in the measured rate-limiting rate constants
which govern the decomposition of Ni+(Aald) and occurs at energies ~17200 ± 400 cm1

. At energies greater than this limit, the measured rate constants are smaller than the

rate constants measured at energies below this value.
In order to understand the dynamics associated with the Ni+ assisted dissociation
of acetaldehyde, comparisons are drawn from the well characterized, simpler (Ni+(Ac))
system. These comparisons are made at comparable initiation energies and are shown
in Figure 49 and Figure 50.

The Ni+ assisted dissociation of acetone followed

consecutive steps in a reaction mechanism. The reaction commenced with C-C bond
activation and CH3 isomerization follows forming products C2H6 and Ni+CO. Although
the earlier results of deuterium labeled experiments indicated that methyl isomerization
is the rate-limiting step along the reaction coordinate, it is found that both bond
activation and isomerization are kinetically important. It is the similarity between these
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two rate constants which result in the unique shape of the waveforms in the lower
panels Figure 49 and Figure 50.

The plateau area resulted from delayed product

(Ni+CO) formation due to an induction period (

ind).

Correlating this induction period

to the maximum in intermediate concentration allowed adequate simulation of the
experimentally observed waveforms. The solid curves in the four panels of Figure 49
and Figure 50 are simulated from the results of a differential analysis of the rate
equations which govern product formation and introduce an induction period which
delays this product formation until an intermediate has reached maximum
concentration. The simulation and how these conclusions are reached are described in
greater detail in the next section.

Figure 49. Comparison of the fragment production waveform measured for the Ni+ assisted dissociation
of acetaldehyde (top panel) and acetone (bottom panel) at comparable photon energies (~18000 cm -1).
The solid curve through the data points is the simulated contour from the rate constants indicated. The
value k/ is the sum of the C-C and C-H activation rate constants, k '
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The waveforms representing Ni+CO growth from Ni+ assisted dissociation of
acetone and acetaldehyde (Figure 49) are similar at a reaction initiation energy ~ 18000
cm-1. Again, the rate constants indicated in the figure are measured directly from linear
fits of the waveform intensity.

First order, exponential growth of the product yield

similar rate-limiting rate constants for the different systems. Additionally, the induction
period in the formation of fragment Ni+CO within the Ni+(Ac) system nearly correlates
with the bi-exponential behavior observed in the

Ni+(Aald) system (top panel).

Clearly, at this reaction initiation energy, similar dissociation dynamics dominate each
reaction coordinate.

From previous studies, methyl isomerization rate limited the

production of fragment Ni+CO within the Ni+(Ac) system.

Therefore, at internal

energies ~18000 cm-1, CH3 isomerization represented the rate-limiting step in the
reaction coordinate that connects Ni+(Aald) to Ni+CO and CH4.
Figure 50 shows the fragment growth waveforms acquired from the Ni+ assisted
dissociation of acetone (bottom panel) and acetaldehyde (top panel) measured at photon
energy ~16750 cm-1. Here, comparison indicates that Ni+(Aald) no longer follows
comparable reaction dynamics to that observed in the decomposition of Ni+(Ac).
Within the Ni+(Ac) system, both the rate-limiting methyl isomerization rate constant
and the C-C bond activation rate constant have decreased with decreasing internal
energy. This is evident by the long exponential growth profile as well as the increased
induction time (which is related to the C-C bond activation rate constant). This is also
confirmed through regression analysis and simulation (solid curve).

The product

growth waveform acquired through monitoring the decomposition of Ni+(Aald)→
Ni+CO at 16800 cm-1 is described by a single exponential with a rate constant larger
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than that observed at higher energies. There is no obvious bi-exponential behavior and
the waveform bore no resemblance to the Ni+(Ac) waveform in the bottom panel.

Figure 50. Same type of comparison as given in Figure 49, except the internal energy of the precursor ion
is ~16800 cm-1.

These results indicate that the Ni+(Aald) decay mechanism exhibits two paths to
dissociation. At higher energies, it is likely that both paths are accessible, however, the
measurement is dominated by a rate limiting methyl isomerization. At lower energies,
it appeared that the rate-limiting step had changed and it is concluded that only a single
path could be followed to dissociation at lower energies. Thus, one of the dissociative
channels available to the decomposition of Ni+(Aald) closes between 16800 and 17700
cm-1. These comparative results are summarized in Table 11.
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Table 11. Rate constants (x104 s-1) measured for the Ni+ assisted dissociation of organic molecules at low
internal energies.

Ni+(h6-Ac)

Ni+(d6-Ac)

CH3
kiso

CH3
kiso

CH3
kiso
11.9 ± 0.2

18000

9.68 ± 0.03

1.60 ± 0.08

10.9 ± 0.4

17700

9.27 ± 0.03

Internal Energy
(cm-1)
18200

Ni+(Aald)
C H
k act

C C
k act

9.8 ± 0.4

16800

15.5 ± 0.4

16700

6.26 ± 0.02

16400

5.90 ± 0.02

16100

5.80 ± 0.03

13.5 ± 0.5

15600

5.50 ± 0.03

13.0 ± 0.5

1.17 ± 0.06

14.0 ± 0.5

Waveform Simuations
Figure 51 presents a simplified mechanism detailing the Ni+ assisted
decomposition of acetaldehyde. The reaction progresses through parallel consecutive
steps as reactants are converted to products. Species A is the encounter complex which
is formed cold within the supersonic expansion. The first intermediates, B and C, are
accessed through rate constants k1 and k2 and represent the Ni+ inserted species. Final
products are Ni+CO (species D) and CH4 where formation of D is monitored over time.
The rate constant which connected B to D is k3, the H-isomerization rate constant. The
intermediate C is connected to D through the CH3-isomerization rate constant, k4. DFT
calculations have verified that the reaction coordinate progresses through intermediates
B and C and ultimately concludes with formation of Ni+CO and CH4.59
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Figure 51. Schematic representation of the two competing pathways leading top the decomposition of
Ni+(Aald).

The comparisons with Ni+(Ac) unimolecular decomposition (where deuterium
labeling experiments have verified methyl migration as the rate-limiting step in the
dissociative mechanism) at internal energies greater than 17700 cm-1 suggest that
methyl isomerization is also the rate-limiting step in the assisted dissociation of
acetaldehyde. Thus k4 is the smallest rate constant in the mechanism of Figure 51 at
energies greater than 17700 cm-1. Additionally, the acquired results indicate that this
path to dissociation closed at energies below 16800 cm-1. Therefore, the dissociative
reaction coordinate that initiated with aldehyde C-H bond cleavage has an activation
energy of 17200 ± 400 cm-1. To support this conclusion, a single model is developed
which simulated the waveform shapes acquired. At energies greater than 17700 cm-1,
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the observed waveforms could be effectively simulated by equating k4 with the rate
constant determined experimentally. At energies below 16800 cm-1, the waveforms are
simulated by setting the value of k4 to zero, effectively preventing dissociation from
intermediate C (Figure 51). Finally, additional support for this conclusion through
comparisons with a recent DFT calculation of the Ni+ assisted dissociative reaction
coordinate of acetaldehyde will be provided.59
The solutions to the differential rate equations which apply to Figure 51 result in
the following time dependent concentration terms:
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where (A)0 equals the initial concentration of the photo-excited precursor complex ion,
and k

‘

= (k1 + k2). Equations 5.1 through 5.4 provide a model which described

depletion of the cold precursor complex (At), the build-up and subsequent depletion of
the Ni+ C-C and C-H inserted intermediates (Bt and Ct), and final production of product
(Dt). This model provided the basis of a computer program which is used to simulate
the acquired waveforms. The waveform generated from fragment production (equation
5.4) is integrated under instrumental conditions to construct the simulated waveform
which is superimposed upon observation. The program consisted of 5 input parameters,
A0 and the four different rate constants. Given the complexity of the rate equations
describing parallel consecutive reactions, this model is first applied to the Ni+ assisted
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dissociation of acetone; a system which follows a simple consecutive mechanism of two
elementary steps connected through a single intermediate. Thus, to apply the model to
the decomposition of Ni+(Ac), one of the two parallel paths must be eliminated. This is
accomplished programmatically by setting the value of k1 to zero. This effectively
reduced the rate equations to those which describe the concentration dependencies in a
simple, two step consecutive mechanism.
Application of the program to fragment production from the decomposition of
Ni+(Ac) necessitated input of only 3 parameters (k2, k4, and A0). The value of one of
the rate constants is set to that determined experimentally, through linear regression
analysis. The remaining two parameters are systematically adjusted until the simulation
is visually superimposed upon the observed waveform.

However, there are no

combinations of A0 and the remaining rate constant which simulate the plateau region
of the waveforms observed in the lower panels of Figure 49 and Figure 50. These
regions are not artifacts of the experimental procedure. The temporal profile of these
features predictably increased with decreasing laser photon energy (compare the lower
panels of Figure 49 and Figure 50) and additionally exhibit dependence upon isotopic
substitution. Therefore, these intense features must be related to the dynamics of the
dissociation process. These features are attributed to a delay in product formation
which is caused by a slow buildup of an intermediate, thus these induction periods are
related to the “unobserved” rate constant in the unimolecular decomposition of the
cluster ion. The slow buildup of the intermediate implied that both elementary steps ( bond activation as well as CH3 isomerization) are kinetically important in the
dissociative process. To account for this, fragment production is delayed from time
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zero (the time that the precursor ions absorb the laser radiation) by the time required to
produce the maximum concentration of the intermediate.

The induction period is

therefore determined by solving the time derivative of equation 5.4 set equal to zero.
The resulting induction time is given by equation 5.6,

tind

ln k ' k
4
k ' k4

(5.6)

which is incorporated into the program. It should be noted that this did not add any
additional adjustable parameters to the software.
Application of the improved model to the Ni+ assisted dissociation of acetone
results in the solid curves through the data points in the lower panels of Figure 49 and
Figure 50. Again, the model required input of the rate-limiting rate constant determined
experimentally (here, k4 which is the CH3 isomerization rate constant) and the
remaining rate constant, k2, and A0 are adjusted until the simulation is superimposed
upon the observation. Modification of k2 resulted in changes to the induction time and
the optimized value provided an estimate to the C-C bond activation rate constant in the
Ni+ induced dissociation of acetone. These estimates are provided in the lower panels
of Figure 49 and Figure 50.

Incorporation of the induction time in such fashion

accounted for the experimentally observed phenomena: (1) the value of the methyl
isomerization rate constant is less than the C-C bond activation rate constant as
expected from the results of deuterium labeled experiments, (2) the induction period
which increased with decreasing reaction energy is due to the decreasing activation rate
constant, (3) and the activation rate constant should be affected by isotopic substitution.
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As described, two limiting behaviors have been observed in the Ni+ assisted
dissociation of acetaldehyde. The waveforms acquired at energies greater than 17700
cm-1 have shown bi-exponential behavior while those measured below 16800 cm-1
appear single exponential. Thus, the kinetic model proposed can describe both limiting
behaviors. Applying the model to the fragment production waveforms observed in the
top panels of Figure 49 and Figure 50 relieves the restriction that k1 = 0 and now the
formation of two intermediates is possible. Based on the experience gained while
studying the Ni+ assisted dissociation dynamics of acetone and deuterium labeled
acetone, it is assumed that the rate constants could be ordered as k3 (H-isomerization)
>k/ (= k1 + k2, C-C activation + C-H activation) > k4 (CH3 isomerization). This
assumption is based solely on the kinetic isotope effect measured for the Ni+(Ac)
system. Further, the presence of an induction period (analogous to that described
above) may be present if two kinetically important, consecutive steps occured along a
dissociative coordinate. Therefore, methyl isomerization following C-H activation may
result in the delayed production of Ni+CO since both bond activation as well as alkyl
migration are likely slow steps. This had the effect of delaying product formation from
one leg of the mechanism presented in Figure 51.
Application of the program to the fragment production waveforms resulting
from the unimolecular dissociation of Ni+(Aald) resulted in the solid curves in the top
panels of Figure 49 and Figure 50. To simulate the waveform in the top panel of Figure
49, the methyl isomerization rate constant (k4) is fixed at the value determined through
linear regression analysis (k(E=18200 cm-1) = 11.9 x 104s-1). The value of k3 (Hisomerization) is assumed large and kinetically unimportant. The values of k/ and A0
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are varied until the simulated waveform is superimposed upon the observation. In
similar fashion to the Ni+(Ac) studies, it is essential to include an induction time
(determined through equation 7.5) in order to simulate the bi-exponential behavior of
the waveform. The optimal value of k/ is 41 x 104 s-1 (as indicated in Figure 49).
Although the values of k1 and k2 can be varied (under the constraint that their sum = 41
x 104 s-1 ), the simulation is optimized when k1 ~ k2.
Application of the program to simulate the fragment production waveform in the
top panel of Figure 50 is achieved by setting the value of k4 to zero and the value of k/
to that acquired through linear analysis of the intensity of the experimental waveform
(k/ = 15.5 x 104 s-1). Setting the value k4 to zero indicated that the energy supplied is
insufficient for methyl isomerization. This effectively eliminated any bi-exponential
character in the simulated waveform through elimination of the induction period
(equation 5.5) and removes any fragment production resulting from this dissociative
coordinate. Again, all waveforms acquired at photon energies less than 16800 cm-1
exhibit the same single exponential behavior.

Therefore, the value of k/, which

accounted for the observed fragment buildup during the final 5 microseconds (t = 0 to 5 microseconds) in the top panel of Figure 49, is responsible for the waveform in the
top panel of Figure 50. The value of k/ decreases from ~40 x 104 s-1 to 15.5 x 104 s-1
because the internal energy of the precursor complex ion is reduced by 1400 cm-1.
The bottom panel of Figure 52 shows the contribution to the formation of
fragment Ni+CO (solid curve) from each dissociative path of Figure 51 at a reaction
energy = 18200 cm-1. The dashed curves indicate both precursor depletion as well as
the build-up and subsequent depletion of the long lived C-H activated intermediate.
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The formation of product following methyl isomerization is delayed until the
intermediate had reached maximum concentration values. The simulated contour in the
top panel of Figure 52 results from integrating the solid curve in the lower panel under
instrumental conditions. The induction time which delayed production of Ni+CO results
in the bi-exponential character of the measured waveform.

Figure 52. (Bottom panel) The dashed curve indicates rapid precursor depletion and the gradual building
and depletion of a long-lived intermediate. The solid curve shows fragment ion buildup, a portion of
which is delayed until the intermediate has reached the maximum concentration. (Top panel) The solid
curve is the integration of fragment production given in the lower panel and is superimposed upon the
observed waveform (symbols).

Finally, to further our conclusion, these results are compared to recent DFT
calculations of the Ni+ + acetaldehyde reaction coordinate.59 The Ni+ cation is located
either cis or trans to the methyl group and these encounter complex isomers are
separated by only 280 cm-1. Two reaction coordinates have been calculated; one which
initiated with C-C bond activation while the other with C-H activation. The energy of
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activation associated with the C-H activation- methyl isomerization reaction coordinate
is 19700 cm-1 above the lowest energy encounter complex isomer. This is ~800 cm-1
above the C-C activation- hydrogen isomerization reaction coordinate. The results
presented here are in qualitative agreement with theory. The highest energy transition
state lies 17200 ± 400 cm-1 above the ground state and that this transition state occured
along the reaction coordinate which initiates with C-H bond activation.60

Summary
Rate constants for the low energy, Ni+ assisted dissociation of acetaldehyde have
been measured for the first time. A discontinuity in the measured rate-limiting rate
constant is observed by monitoring the reaction kinetics at continually smaller ion
internal energies. This discontinuity occurred at 17200 ± 400 cm-1 and marked the
closure of the dissociative coordinate which initiates with C-H

-bond activation.

Therefore, the sum of the energy requirements for Ni+ assisted C-H bond activation and
methyl isomerization is 17200 ± 400 cm-1. The remaining dissociative pathway, Ni+
activation of the C-C -bond followed by H-migration to form Ni+CO + CH4, remains
open at energies as low as 15600 cm-1. These results qualitatively agree with recent
DFT calculations.59
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CHAPTER SIX
Conclusions and Future Research Goals

General Conclusions
In conclusion, a newly constructed molecular beam apparatus capable of
investigating the kinetics associated with unimolecular decomposition of ionic gaseous
organometallic complexes is described.

This new experimental technique has the

ability to measure the kinetic parameters of transition metal ion assisted decomposition
reactions of organic molecules. The transition metal ion assists the dissociation by
lowering the activation energy barrier to values significantly less than that required to
cleave isolated C-C and C-H -bonds. The ability to make these measurements yields
valuable information about the mechanism associated with the decomposition process.
The inclusion of the hemispherical kinetic energy analyzer allows for the unambiguous
separation of the precursor and dissociative fragments. Additionally, our method of
data analysis has been described.

Thus far, this instrument has yielded valuable

information about Ni+ mediated decomposition of various organic molecules, and is
believed to be the first experimental determination of the direct kinetics of this type of
reaction.
Throughout this dissertation, the custom built molecular beam apparatus has
been described through three main sections: (1) The generation of the ionic complexes,
(2) the separation in the TOF-MS, and (3) the separation of precursor from dissociative
fragments using a hemispherical kinetic energy analyzer.
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The generation of the ionic complexes relied on several variables: (1) the timing
differences between the excimer and pulsed valve triggering pulses, (2) achievement of
the optimal pulsed valve width triggering pulse by monitoring changes in pressure in
the vacuum apparatus, (3) the pressure differential between the source reservoir and the
vacuum chamber, and (4) the focus and mJ/pulse of the excimer laser (optimized to be
~9 mJ/pulse).

The conditions of the pulsed valve are optimized for the vacuum

conditions of the custom built instrument. The optimal conditions are a pulse width 200
μsec, a pulse voltage of 190 Volts, and a 10 Hz repetition rate.

The pumping

capabilities of the diffusion pumps have proved vital in allowing sufficient through-put
for molecular density.

The addition of the second collimator, attached to the

acceleration grid, has provided beneficial in reducing spectral noise in the acquisition of
kinetic studies.
The acceleration grid separation capabilities have shown that our instrument is
capable of a multitude of studies. From the ability to separate photoionized toluene
clusters that range in size from toluene monomer to (toluene)16+, to the clear separation
of isotopes that are separated by 2 mass units, our instrument is not limited by the size
of the molecule/cluster/complex to be studied. Typically, the acceleration grid is pulsed
a steady +1.75 kV. However, if the voltage applied to the acceleration grid is increased,
then the voltages applied to the plates would also have to increase to account for the
increased velocities of the ionic complexes, and vice versa. The optimal voltages are
experimentally determined by monitoring signal intensity of both the ionic precursor
complexes and their respective dissociative fragments. Larger voltages applied to the
acceleration grid increase through put at the expense of separation, and vice versa.
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The horizontal deflector at the terminus of the acceleration grid is capable of
correcting the velocity component of the molecular beam as it travels to the orthogonal
accelerator, thereby the larger ions can be focused more directly towards the
hemispherical kinetic energy analyzer, resulting in increased signal intensity. The
hemispherical kinetic energy analyzer has proven its worth in the separation of
precursor complexes from dissociative fragments following photon absorption.
The interaction of various organic molecules (acetone and acetaldehyde) with
the Ni+ cation results in low energy (< 2 eV) C-C and C-H bond cleavage reactions
producing combustible fuel gases as CH4, C2H6, C2H4, etc has been observed. Reaction
rate constants for the Ni+ assisted dissociation of organic molecules have been measured
over ranges of internal energies and these results suggest mechanistic details of such
catalytic decomposition reactions.
From the Ni+(h6-Ac) and Ni+(d6-Ac) studies, the rate limiting step in the low
energy reaction to form neutral ethane gas and Ni+CO from the electrostatic bound
Ni+Ac complex is the isomerization of the methyl group leading to C-C bond coupling.
This step follows the activation of the C-C -bond. This is concluded by measuring the
unimolecular decomposition rate constants for both the Ni+(h6-Ac) and the deuterium
labeled Ni+(d6-Ac) species. Deuterium labeling affected both the activation and the
isomerization step leading to the production of Ni+CO. Thus both are kinetically
important processes in the Ni+ mediated photodissociation of acetone into ethane and
Ni+CO. The induction period increased by a factor of 2 while the rate constants
changed by ~5.5x. It is therefore reasoned that the larger effect resulted from the
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isomerization as this step required more motion of the deuterium labeled methyl group
as indicated through DFT calculations.
The results from the Ni+(Aald) → Ni+CO indicate that there are two paths to
dissociation. At higher energies, it is likely that both paths are available and the rate
limiting step is the methyl isomerization. At lower energies, it appears that the rate
limiting step has changed, and that a single path is followed to dissociation. The rate
limiting step in the Ni+(Aald) dissociative mechanism is k4 (methyl isomerization) at
internal energies = 18200 cm-1. This is determined through comparisons with the
known Ni+ assisted decomposition of acetone at similar energies. At internal energies =
16800 cm-1, the dissociative CH3 isomerization pathway turns off. The energy supplied
is no longer in excess of the activation energy along this path. The coordinate which
initiates with C-C bond activation is active and remains open at energies as low as
15500 cm-1.

Future Research Goals
After further experimentation, it is a goal to measure reaction rate constants for,
and secure the mechanistic details of, the Pt+ and Co+ assisted dissociation reactions of
simple organic molecules under gaseous, controlled conditions. It has been found that
such ion\neutral interactions result in low energy pathways for the selective, “nearcatalytic” transformation of small organic molecules into useful products. Our research
group proposes to utilize the instrumentation and techniques developed to continue
these gas-phase studies where either Co+ or Pt+ cations are used as the catalytic center.
Such studies will provide insight into the electronic requirements for the activation of
C-C, C-H, C-O bonds, etc. by single metal centers. Thus, through direct measurement
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of reaction rate constants (which correlate with activation energy), we will investigate
the electronic requirements of transition metal ion active sites to serve as efficient
organic bond activation catalysts.
The Pt+ assisted dissociation of organic molecules will be studied, because
platinum is the ubiquitous metal catalyst is many organic reactions. The ground state
electronic structure of Pt+ (5d9, 2D5/2) is also common to that of Ni+ and will thus
facilitate logical comparison with our well studied systems (acetone and acetaldehyde).
Unique to Pt+cation, however, is the significant spin-orbit interaction which is
only present to a lesser extent in the lighter Ni+ cation. During the reaction between Ni+
and an organic molecule, quantum numbers which define the orbital angular momentum
(L), spin angular momentum (S), and total angular momentum (J) must be conserved
along the dissociative reaction coordinate. The large spin-orbit interaction in Pt+ lifts
this restriction and only J need be conserved. Perhaps it is the removal of these
restrictions that enhance the reactivity of gaseous Pt+ and thus lowers the organic bond
activation energy barriers.

These results will be compared with the Ni+ assisted

dissociation studies previously completed to determine how spin-orbit interaction
affects the activation energy barriers along the reaction coordinate.
The ground state electronic structure of the Co+ is 3d8, 3F4. Guided ion beam
techniques have detected products which result from the exothermic reaction between
Co+ and many organic ligands. From these experiments and the similarity in electronic
structure between Co+ and Ni+, it is likely that the atomic Co+ will activate C-C and CH bonds as efficiently as observed for Ni+. However, this research has shown that alkyl
shifts, when part of the dissociative mechanism, represent the rate-limiting step during
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the Ni+ assisted dissociation of organic molecules. This may be due to the electronic
structure of Ni+ and the inability to easily from a 3-coordinate transition state. The Co+
cation, with one fewer valence electron, may not suffer this same inability. Thus,
investigation the reaction kinetics of the Co+ assisted dissociation of small organic
molecules should prove fruitful.
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APPENDIX
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APPENDIX
Description of Software

Data acquisition and experimental control of the molecular beam apparatus is
required to acquire and process the mass spectra and kinetic studies.

LabVIEW ®

(National Instruments) is used as an interface platform, creating the programs to
acquire, view, and process raw data. LabVIEW® is used because it simplified the
programming process, as it uses a graphical interface, which significantly reduces,
however, doesn’t eliminate, the programming time.
Figure 53 shows the control panel display for varying the trigger time sent to the
molecular beam components. Each trigger is capable of being independently triggered.
The Shot-to-Shot Mass Spectrum viewer can be seen next to the trigger inputs. Below
this viewer, the timing interval of the mass spectrum viewer can also be independently
specified.

The SHOT AVERAGE input value is user-controlled to produce an

Averaged Mass Spectrum at different resolutions.
The control panel display for the Averaged Mass Spectrum display is seen in
Figure 54. On this control panel, integrated mass peaks can be obtained. Each channel
to left side of the viewing panel specifies the mass spectrum region to be integrated. Up
to twelve regions can be integrated simultaneously. The USER INPUT button specifies
the type of experiment to be performed. User Input (1) allows a triggering pulse to be
temporally scanned while integrating specific regions of mass spectrum. The cursor
allows the user to accurately input the bounds of the region to be integrated. User Input
(2) integrates signal intensity of various mass peaks observed in the Averaged Mass
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Spectrum, allowing the experimenter to assess the stability of the molecular beam
production. User Input (3) scans the wavelength generated from the Nd:YAG pumped
dye laser. User Input (5) outputs the averaged mass spectrum as a text file. User Input
(6) outputs the integrated results specified in the twelve channel regions. User Input (7)
loads a previously saved data file so that the triggering pulse input values do not have to
be manually entered. Figure 55 shows the block diagram for selected trigger
generation. All 16 input triggers can be independently specified using this sequence.
The triggers are generated at 10 Hz at an 80MHz timebase. The block diagram used to
generate the averaged mass spectrum can be seen in Figure 56.
User inputs (1), (2), and (3) allow integration of specific regions of the Average
Mass Spectrum under varying experimental conditions. The block diagram used to
integrate these regions can be seen in Figure 57. A single integrated region can be
viewed on the front control panel (Figure 58). Only one integrated area can be viewed
at a time; however, the channel displayed can be changed during experimentation.
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Figure 53. Control Panel Display of trigger input and Shot-to-Shot Mass Spectrum Viewer

Figure 54. Control Panel for Averaged Mass Spectrum Viewer
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Figure 55. Block Diagram for selected trigger generation
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Figure 56. Block Diagram for Shot-to-Shot and Averaged Mass Spectrum Viewer
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Figure 57. Block Diagram for Integrating Averaged Mass Spectrum Peaks

Figure 58. Control Panel for Integrated Region Viewer
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Kinetic Waveform Generation
Figure 59 shows the Control panel for the kinetic simulations of Ni+(Acetone)
and Ni+(Acetaldehyde) decaying into Ni+CO. Application of the program to fragment
production from the decomposition of Ni+(Ac) necessitated input of only 3 parameters
(k2, k4, and A0). The value of one of the rate constants is set to that determined
experimentally, through linear regression analysis. The remaining two parameters are
systematically adjusted until the simulation is visually superimposed upon the observed
waveform. The block diagram for the user input to generate the exponential decay
waveform can be seen in Figure 60. The block diagram for comparing the generated
decay waveform to the experimentally observed waveform can be seen in Figure 61.
These results are described in Chapters 4 and 5.

Figure 59. Control Panel for Kinetic Simulations
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Figure 60. Block Diagram for Generating Exponential Decay Waveforms
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Figure 61. Block Diagram for Comparing Generated Decay Waveform to Experimentally Observed
Waveform
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