
ABSTRACT 

Characterization of the Single Photon Initiated Dissociative Rearrangement Reaction 

(SPIDRR) Technique and its Application in the Study of Transition Metal Cation Bound 

Organic Cluster Reactions 

Michael G. Gutierrez, Ph.D. 

Mentor: Darrin J. Bellert, Ph.D. 

The study of gas-phase ion-molecule reactions has been influential in the 

investigation of transition metal mediated bond activation and catalysis.  This research has 

recently been advanced by a new method designated the single photon initiated dissociative 

rearrangement reaction (SPIDRR) technique.  SPIDRR measures the microcanonical 

kinetics for reactions between transition metal cations and neutral organic molecules.  By 

assessing the energy dependence of the microcanonical rate constant, as well as 

determining product branching fractions and kinetic isotope effects, SPIDRR can establish 

unique mechanistic and dynamic information.  This dissertation will provide a detailed 

overview of the SPIDRR technique and demonstrate its application in the study of 

transition metal cation bound organic cluster reactions. 
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CHAPTER ONE 

 

Introduction 

 

 

The Ideal of Chemical Dynamics 

 

 Since the publication of Isaac Newton’s magisterial work—The Mathematical 

Principles of Natural Philosophy1—the ideal of modern science has been distinguished as 

an intrinsically mathematical discipline.2,3 For in describing the motion of bodies with 

abstract mathematical equations, as opposed to qualitative descriptions, Newton succeeded 

in explaining natural phenomenon with a degree of precision that was impossible using 

previous scientific methodologies.4 More importantly, however, the language of 

mathematics permitted Newton to perceive in a bewilderingly diverse range of natural 

phenomenon—such as an apple falling to the ground, or the motion of celestial bodies—

an underlying unity and simplicity in nature.5,6 This underlying unity is what constitutes a 

scientific law7, and it is only by discovering such laws that a fundamental explanation for 

the behavior of a physical system can be achieved.  Thus, as more general scientific laws 

are revealed, not only does our ability to explain natural phenomenon become more 

expansive, but our understanding of nature itself becomes deeper and more profound, 

which is the ultimate aim of science.  Newton’s remarkable use of mathematics in this 

process of scientific inquiry constitutes his enduring legacy. 

 For the physics-minded chemist, discovering chemical laws which can be 

expressed mathematically and that describe all chemical phenomenon has been the ultimate 

scientific ambition since Newton’s time.8,9 In fact, Newton himself expended a great deal 
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of effort to discover such mathematical relations through his rather exorbitant excursions 

into alchemy (though with little success, unfortunately).10  But for much of chemical 

history, the complexity of chemical phenomenon simply precluded detailed mathematical 

descriptions.  Consequently, prior to the nineteenth century, chemistry was regarded 

principally as a descriptive and taxonomic discipline, much like natural history.9  However, 

with the gradual adoption of modern atomic theory, as well as the development of statistical 

mechanics in the mid-nineteenth century, which entailed among other things the 

reformulation of Newton’s equations of motion in terms of energy9,11-13—a quantity far 

more amenable to chemistry than either force or mass—the prospect of a fully 

mathematical description of chemistry seemed more promising at the close of the 

nineteenth century than at any previous time. 

 But with the advent of quantum mechanics in the early twentieth century14-16, this 

situation took an unexpected turn.  For although it became clear that the notion of energy 

quanta could provide a suitable basis for developing a theoretical description of the internal 

structure of atoms and molecules, as evinced by their spectroscopic signatures.16 It also 

became clear that fundamental physical concepts such as position, motion, and even the 

distinction between particles and waves required a radical reinterpretation in quantum 

mechanics.  This in turn necessitated the development of a new mathematical structure 

quite different from that encountered in classical physics.  Aside perhaps from the 

philosophical consideration of these differences, however, it is the mathematical structure 

of quantum mechanics itself which in practice represents the greatest impediment to 

developing a fully mathematical description of chemistry.  For, as Dirac pointed out many 
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years ago, although the fundamental equations governing chemistry may in fact be known, 

they are too complicated to be solved exactly except in the simplest cases.17 

 For this reason, the history of quantum chemistry from the mid-twentieth century 

onward has in many ways been a collective attempt to find more accurate solutions to the 

Schrödinger equation for more difficult chemical systems.18 In this respect, the most 

important analytical tool has undoubtedly been the Born-Oppenheimer approximation 

(BOA).19-21 In the simplest form, the BOA refers to the separation of electronic and nuclear 

motion in the quantum mechanical description of a molecular system.  This separation is 

justified based on the mass disparity between electrons and atomic nuclei, which entails 

that the less massive electrons move much more rapidly than the comparatively massive 

nuclei.  As a result, the electronic motion can be considered to adjust instantaneously to 

changes in the nuclear configuration, allowing the electronic wavefunction to be expressed 

with a parametric dependence on the configuration of the nuclei.  As such, the electronic 

component of the time-independent Schrödinger equation (TISE) can be solved for any 

arbitrary configuration of the nuclei; and by solving the electronic TISE for a variety of 

nuclear configurations, one can calculate the energy landscape defining the motion of the 

nuclei in the potential ‘field’ of the electrons.  This energy landscape is referred to as the 

potential energy surface (PES), and it is the fundamental mathematical construct of all of 

chemistry.22 

 For stable chemical systems—i.e., those existing near some energy minima on the 

PES—solutions of the electronic TISE afforded by the BOA have provided unprecedented 

insight into our understanding of chemical phenomenon.23 Indeed, it would be difficult to 

exaggerate the achievements of modern electronic structure theory in this respect.  
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Certainly, the recognition that diverse, seemingly unrelated chemical properties are 

primarily determined by the electronic structure of a molecule, rather than the motion of 

the nuclei, represents one of the great unifying achievements in the history of science.24 In 

any case, however, such stable chemical systems can be regarded as being in the 

“spectroscopic realm” of chemistry.25 Within this spectroscopic realm, the motion of a 

molecular system is well-described by orthogonal normal modes that retain their energy 

content for relatively long-time periods (e.g., milliseconds to seconds)—thus giving rise 

to, for example, the familiar observations of infrared and Raman spectroscopy.26 

 But despite the broad applicability of the spectroscopic view of molecules, it is 

largely unsuitable for describing unstable chemical systems, such as those encountered 

during a chemical reaction.  In contrast to stable chemical systems, reacting systems 

possess sufficient energy to move far away from potential minima on the PES, and may 

therefore be regarded as being in the “kinetic realm” of chemistry.25 Furthermore, since the 

PES, by definition, only provides a static picture of nuclear rearrangement, additional 

principles are required to describe chemical transformations.  The field of study which 

attempts to discern these principles is referred to as chemical dynamics, and it represents 

one of the great frontiers of contemporary chemical research.27-29 The ultimate goal of 

chemical dynamics is to discover the underlying mathematical laws governing chemical 

change in order to provide an exhaustive description of chemical reactivity in the same way 

that electronic structure theory provides an exhaustive description of stable chemical 

systems. 

 The most basic description of chemical dynamics is that provided by so-called 

statistical theories.30-35 For an isolated molecule with constant internal energy, this 
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description is achieved by first defining the position and momentum of all nuclei as a single 

point in a multidimensional phase space.  The evolution of a molecule from a reactant to a 

product state can then be interpreted as a trajectory from a reactant to a product region in 

this phase space.  The assumption of statistical behavior entails that the density of phase 

points in a given volume element of the phase space is both equal to the density at any 

other location and remains constant with time—i.e., the chemical dynamics are 

approximated by a microcanonical ensemble.  This microcanonical description of a 

chemical system is therefore quite distinct from the spectroscopic description.  For in this 

case, normal modes lose their strict identity and energy flows freely within the molecule; 

the motion of the nuclei is therefore chaotic in contrast to the coherent motion of the normal 

modes.  Consequently, statistical theories of chemical dynamics are inherently classical 

theories, with quantum mechanical properties introduced only a posteriori.  However, this 

should not be regarded as a disadvantage.  Certainly, in the limit of high energy the 

correspondence principle leads us to expect that relatively massive nuclei will behave 

classically, and the considerable success of statistical theories confirms this is indeed a 

reasonable approximation for many chemical systems.  Statistical theories have therefore 

provided a highly valuable mathematical framework for describing chemical systems 

existing in the kinetic realm, just as those existing in the spectroscopic realm can be 

understood in terms of quantized normal modes. 

 Although advances in computational technology now permit more detailed 

descriptions of chemical dynamics through semi-classical36 or direct dynamic 

trajectories,37 or even fully quantum mechanical trajectories,38 statistical theories remain 

of central importance to the study of chemical dynamics.  In part, this is because more 
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advanced treatments of chemical dynamics currently remain limited to a far smaller subset 

of chemical systems than statistical theories.  But more importantly, these more advanced 

treatments have not yet provided a conceptual framework as simple or general as statistical 

theories in interpreting chemical reactivity, and it is usually only when statistical 

descriptions fail that more advanced treatments become necessary.  In this respect, one of 

the most important quantities derived from statistical chemical dynamic theories is the rate 

constant associated with a chemical reaction.  To date, theories such as Rice-Ramsperger-

Kassel-Marcus (RRKM)32-35 theory or transition state theory (TST)39-42 have proven to be 

largely successful in predicting the reaction rate of many chemical systems, and no such 

theories which are generally applicable have yet been developed apart from statistical 

assumptions. 

 Furthermore, by combining insights from both the spectroscopic and statistical 

kinetic paradigms—two seemingly unrelated frameworks—one arrives at our modern 

understanding of chemical reactivity.  The general features of this view are as follows:  A 

chemical reaction can be conceived of as the traversal of a pathway along the PES 

connecting a reactant and product well, typically through one or more energy barriers 

(Figure 1.1).  This pathway is usually taken to be an intrinsic reaction coordinate (IRC),43,44 

or the path of steepest decent from the top of each energy barrier to relevant minima.  

Connecting critical points along the PES in this manner thus provides the requisite 

information to characterize all elementary steps within the overall transformation.  

However, since this provides only static information, dynamic aspects of these elementary 

steps such as reaction rates must then be determined using theories such as RRKM and 

input into integrated rate laws or a master equation45 to simulate ‘motion’ along the PES.  
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The result of this procedure is therefore a two-sided conception of a chemical 

transformation—the evolution from reactants to products is governed by energies 

determined from the static PES, but by way of a sequence of elementary steps treated 

statistically.  This view comprises what may be regarded as the potential landscape 

paradigm of chemical reactivity,46 and it constitutes the most successful, fully 

mathematical description of chemical reactivity in the history of chemical science. 

 In addition, with the advent of modern computation technology, the potential 

landscape paradigm has permitted the characterization of an enormous number of chemical 

reactions with unprecedented detail, allowing unique reaction scenarios to be discovered 

at an astonishing rate.47-50 These insights have in turn facilitated the interpretation of 

experimental observations that could not have been successfully accomplished otherwise.  

For this reason, the potential landscape paradigm—as a major facet of modern 

computational chemistry—has in a very real sense ushered in a new era of chemical 

science.  Indeed, even resolutely empirical branches of chemistry now commonly utilize 

such computational methods in their research programs; and in many cases, this is not 

simply to aid in the analysis of experimental data, but rather to guide entire research 

agendas.  This situation would have been inconceivable only three decades ago. 

 But while this newfound computational ability is without doubt an enormous 

advantage in the study of chemistry, it must at the same time be recognized that our current 

understanding of chemical reactivity nonetheless remains incomplete.  The ready 

availability of sophisticated computational programs must therefore not supplant detailed 

experimental observations in developing more advanced models of chemical dynamics 

when our current assumptions fail.  For if the ideal of chemical dynamics is the ability to 
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describe all chemical transformations mathematically—just as Newton’s equations 

succeeded in describing the motion of observable bodies mathematically, and in so doing 

permitted a far deeper understanding of mechanics—then such an ideal for chemistry can 

only be continued alongside novel experimentation.  And even though we can expect that 

such an ideal will never fully be realized, the remarkable progress which has been made 

toward this ideal in the past century alone is an exciting indication of what awaits the future 

of chemical science in this century. 

 

The Study of Unimolecular Reaction 

 

 In this respect, the study of unimolecular reactions has historically been one of the 

most vital areas of chemical research.30-35 It was primarily through the study of 

unimolecular reactions, for instance, that statistical models of reactivity were first 

developed and then rigorously scrutinized experimentally—leading to the realization that 

details of the PES must be taken into consideration when treating the dynamics of chemical 

systems.  This culminated in the development of the transition state as the fundamental 

entity governing reactive transitions between reactant and product wells of the PES, or 

equivalently, transitions between different regions of the molecular phase space.  The 

transition state is, moreover, an inherently unimolecular entity that is most easily expressed 

within the context of the RRKM theory of unimolecular reactivity. 

 In many ways, RRKM theory can be thought of as encompassing the essentials of 

the potential landscape paradigm for energy selected chemical systems.  The basic 

assumption of RRKM theory has already been briefly outlined in describing the kinetic 

paradigm of chemistry—namely, that that the distribution of internal energy states of a 

molecule is statistical and can therefore be represented by a microcanonical ensemble.  
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Under this assumption, the transition state can be conceived of as dividing surface in the 

molecular phase space partitioning reactant and product regions, which depends crucially 

on the topology of the PES.  The overall rate of a unimolecular reaction can then be 

described as the flux of phase points through this transition state diving surface. 

 Although detailed experiments have confirmed the adequacy of the RRKM 

assumptions in many chemical systems, there remain several classes of reactions which 

have not been demonstrated to obey statistical reaction dynamics.  Consequently, studying 

the microcanonical kinetics of these systems may provide a valuable opportunity to assess 

the potential landscape paradigm of chemical reactivity more generally.  In addition, the 

experimental observation of non-statistical reaction kinetics can help determine when more 

advanced treatments of chemical dynamics are necessary to describe a chemical reaction.  

This would provide a valuable contribution to the advancement of chemical dynamic 

theory, and perhaps even help facilitate the development of a new generalized chemical 

dynamic framework which is not limited by statistical assumptions. 

 

The Single Photon Initiated Dissociative Rearrangement Reaction (SPIDRR) Technique 

 

 One class of reactions which fall into this category are gas-phase ion-molecule 

reactions involving transition metal cations and small organic molecules.   The study of 

these systems remains important for many areas of science and technology.51-55 In large 

part, the utility of gas-phase experiments arises from the ability to prepare an isolated 

environment in which to explore chemical reactivity apart from the complexities of the 

condensed-phase.  These ideal conditions can in turn facilitate the experimental resolution 

of molecular level details, such as the principal features of the reaction PES and associated 

dynamics.  In addition, the advantages of gas-phase techniques can often be considerably 
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enhanced when combined with mass spectrometric technology.  These are among the 

reasons gas-phase ion-molecule studies have been particularly well suited for the 

investigation of transition metal mediated bond activation and catalysis. 

 Notable examples of gas-phase catalysis research have involved techniques such as 

kinetic energy release distributions (KERD),56,57 selected-ion flow tube (SIFT),58-60 the 

numerous guided-ion beam (GIB) methods,61-63 and ion cyclotron resonance (ICR) mass 

spectrometry among others.64-66 Moreover, the diversity of these techniques indicates the 

vast amount of information obtainable from such studies, which collectively have provided 

extensive knowledge of reaction mechanisms, thermochemistry, dynamics, and even new 

paradigms such as two-state reactivity (TSR).67 But despite these considerable 

achievements, there have been very few examples of techniques capable of measuring 

microcanonical kinetics for transition metal mediated reactions.  This is a substantial deficit 

because the assumption of statistical behavior is commonly made to describe these systems.  

In many cases, however, little or no experimental evidence is available to justify this 

assumption. 

 The method our laboratory introduced several years ago was designed to address 

this concern by measuring the microcanonical kinetics associated with transition metal 

cation mediated reactions of small, neutral organic molecules.68-73 This technique has been 

designated single photon initiated dissociative rearrangement reactions (SPIDRR).  

SPIDRR works by forming M(organic)+ clusters with low internal energy via a laser 

vaporization cluster source.  These clusters are then activated through absorption of a single 

laser photon.  Unimolecular dissociation of the activated cluster results if the absorbed 

photon energy is greater than activation requirements along the reaction PES.  In systems 
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where this is the case, the production of charged product fragments are monitored in real 

time, allowing the RRKM rate constant, k(E), to be measured as a function of the initiating 

photon energy. 

 Laser photon activation of M(organic)+ clusters is primarily what distinguishes the 

SPIDRR technique.  This method of activation is particularly useful for studying reaction 

dynamics because it permits the selective deposition of energy within the molecular phase 

space.34,74 Consequently, if this energy is randomized through IVR on a timescale much 

more rapid than unimolecular dissociation, then it is expected that RRKM theory will 

provide an adequate description of the reaction kinetics.  However, if IVR does not 

randomize energy in this manner, SPIDRR provides ideal conditions to detect these 

potential non-statistical effects.  In either case, however, assessing the dynamic features of 

these transition metal cation activation processes will undoubtedly provide new insights 

into transition metal catalysis more generally.  In addition, by activating clusters with 

photon energies lower than reactive barriers on the PES, the presence of nonadiabatic 

effects such as tunneling and its relation to cluster dissociation can also be investigated. 

 

The RRKM Rate Constant 

 

 Since the RRKM, or microcanonical, rate constant is the actual measured quantity 

in a SPIDRR experiment, it provides the basic conceptual framework for interpreting the 

observations acquired using the SPIDRR technique.  A brief derivation of the RRKM rate 

constant will therefore be provided following that of Forst.75 
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Figure 1.1 General potential energy surface for a unimolecular reaction.  An energized reactant molecule M 

with a total internal energy content E dissociates to products P via the transition state M*.  The transition state 

is located at q1
 = q1

0, which corresponds to top of the of the potential barrier (E0) separating reactant and 

product wells.  The internal energy of the transition state is therefore E-E0. (Adapted from ref. 75) 

 

 

 Consider the unimolecular reaction of a species M possessing n internal degrees of 

freedom: M  products.  For a non-linear molecule with N atoms, n = 3N – 6, since the 

molecule possesses six external degrees of freedom corresponding to translation and 

rotation of the entire molecule.  Of course, in the case of a linear molecule, n = 3N – 5, 

since there one less rotational degree of freedom.  Although external rotations can alter a 

unimolecular reaction, principally through centrifugal effects, this is typically of much less 

importance than vibrational barriers.  As such, only the internal degrees of freedom of a 

molecule will be considered here. 

 The molecular energy plotted against its n internal degrees of freedom constitutes 

the PES.  However, because the PES is an (n + 1)-dimensional hypersurface, it cannot be 

visualized except through lower dimensional segments.  Typically, the PES is conceived 



13 

 

of as a two-dimensional curve of the kind shown in Figure 1.1, where the reaction 

coordinate is taken to be an IRC connecting reactant and product wells.  The most important 

feature of the PES in terms of chemical reactivity is the energy maximum, which 

constitutes a saddle point in higher dimensions—i.e., a maximum in one direction (the 

reaction coordinate), but a minimum in all orthogonal directions. 

 As previously mentioned, the PES only provides a static picture of chemical 

reactivity.  For this reason, the dynamics of molecular system may be described in terms 

of a 2n-dimensional phase space defined by the coordinate vector q = (q1,…,qn) and 

conjugate momentum vector p = (p1,…,pn) of a molecule’s internal degrees of freedom.  In 

this way, the configuration of a molecular system at any time can be described by a single 

point in the molecular phase space, where its subsequent evolution is defined as the point’s 

trajectory in phase space.  If the system evolves in a time-independent potential, such as 

the vibrational potential of the bonded atoms, then the Hamiltonian H(q, p) is simply the 

total internal energy E of the system: 

   𝐻(𝒒, 𝒑) = 𝐸 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡         (1.1) 

 

At constant E, all points in the 2n-dimensional phase space are constrained to move along 

(2n-1)-dimensional surface, S, of constant energy. 

 If a molecule M has sufficient energy E to surmount an energy barrier on the PES 

separating reactant and product wells (Figure 1.1), then a unimolecular reaction will occur.  

However, this event can be considered to proceed by way of an intermediate structure 

designated as the transition state. 

   𝑀
𝑘(𝐸)
→  𝑀∗ → 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠         (1.2) 
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In general, the transition state M* is located at the top of an energy barrier on the PES with 

height E0.  A molecule therefore has sufficient energy to react when its internal energy 

exceeds E0.  Note that the transition state should not be regarded as a defined chemical 

structure in the same sense as a stable molecule but is instead an inherently transient species 

representing a reactant which is no longer completely bound and a product(s) which is 

likewise not yet fully formed.  For this reason, we may more adequately conceive of the 

transition state as an energy surface, C, separating the reactant and product regions of the 

molecular phase.  Furthermore, since the PES indicates that the energy of the transition 

state is given by E0, the molecule M can only cross the transition state dividing surface via 

constant energy surfaces S such that E ≥ E0.  In general, the intersection of all surfaces S 

of energy E ≥ E0 with the transition state dividing surface C defines a (2n-2)-dimensional 

surface, X.  This implies that the molecular Hamiltonian may divided into two components: 

   𝐻(𝒒, 𝒑) + 𝐻′(𝒒, 𝒑) = 𝐸             (1.3)  

 

Where the Hamiltonian governing a phase point that has reached the surface X is defined 

by: 

   𝐻′(𝒒, 𝒑) = 𝐸 − 𝐸0          (1.4) 

 

 The unimolecular reaction rate constant is given by the rate of flux of phase points 

through the surface X per unit time.  To define this quantity, we must first introduce Φ(p, 

q) (dimensions of s-1) as the number, or rather the frequency, of phase points passing 

through X to form products.  Furthermore, since we can anticipate that the flux of phase 

points through X will be given by Φ(p, q) multiplied by the density of phase points 

contained in X, we must also have some conception as to the distribution of phase points 

within the molecular phase space.  In this respect, the simplest assumption that can be made 
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is that the distribution of phase points in the molecular phase is approximated by a 

microcanonical ensemble.  In which case, the density of phase points will be uniform.  

Thus, the unimolecular reaction rate constant for a molecule M with an internal energy in 

excess of the transition state barrier will have the following general form: 

   𝑘(𝐸) =
∫ …∫𝑑𝒒𝑑𝒑𝛷(𝒒,𝒑)𝑋

∫ …∫𝑑𝒒𝑑𝒑𝑆

             (1.5) 

 

Where the numerator of eq. 1.5 is simply Φ(p, q) integrated over the total area of the surface 

X and therefore represents the total flux of phase points through the transition state dividing 

surface; and the denominator is the integral over all S and represents the total area of phase 

space accessible to the molecule with an internal energy E.  Thus, the unimolecular reaction 

rate constant is essentially given by the ratio of phase space volumes accessible to the 

transition state and reactant. 

 Moreover, to define Φ(p, q), we assume that the reaction coordinate defining the 

passage of phase points through the transition state can be defined by a single coordinate 

q1 and its conjugate momentum p1.  If the transition state is located at q1 = q1
0, such that q1 

can be separated from the Hamiltonian governing phase points contained on X (eq. 1.4) 

within a very small distance of q1
0, say dq1, then we may write the following: 

   𝐻′(𝒒, 𝒑) = 𝐻∗(𝒒, 𝒑) + 𝐻1(𝑞1
0; 𝑝1)        (1.6) 

 

Where H*(q, p) is the Hamiltonian describing the (n - 1)-orthogonal modes of molecule M 

at the transition state dividing surface which are not involved in the reaction coordinate, 

and, for that reason, may be considered to constitute the “transition state” M*.  In contrast, 

H1(q1
0; p1) is the Hamiltonian describing the one-dimensional motion comprising the 

reaction coordinate which instead becomes unbound from the transition state.  

Furthermore, if, in the small distance dq1 from the transition state dividing surface the 
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potential energy of the system remains relatively constant, then H1(q1
0; p1) reduces to just 

the translational energy of the reaction coordinate, ε. That is: 

   𝐻1(𝑞1
0; 𝑝1) ⇒ 𝐻1(𝑝1) = 휀 =  

𝑝1
2

2𝜇∗
                                                                (1.7) 

 

Where μ* is the reduced mass of M*.  Thus, we find that Φ(p, q) is dependent only on p1.  

Consequently, since the velocity of phase points near q1
0 is given by p1/μ

*, the number of 

phase points passing through the transition state dividing surface per unit time is simply: 

   𝛷(𝑝1) =
𝑝1

𝜇∗𝑑𝑞1
               (1.8) 

 The physical significance of eq. 1.8 is that the total energy of the transition state 

(E-E0) is considered to be divided between the (n - 1)-orthogonal modes that remain bound, 

and the translational energy of the reaction coordinate, ε.  However, without any further 

information as to how this energy is partitioned, we assume ε can take any value between 

0 and E-E0.  Thus, if we define a rate constant k(E, ε)dε for a reacting molecule with a total 

energy E and possessing a reaction coordinate with translational energy between ε and ε + 

dε, then we can define the overall unimolecular rate constant as an integral of k(E, ε)dε 

over all values of ε from 0 to E-E0: 

   𝑘(𝐸) = ∫ 𝑘(𝐸, 휀)𝑑휀
𝐸−𝐸0

0
         (1.9) 

 

We may therefore rewrite the numerator of eq. 1.5 as: 

   ∫ …
𝑋

∫𝑑𝒒𝑑𝒑𝛷(𝒒, 𝒑) =  

   ∫ (∫ …
𝐻∗=𝐸−𝐸0−

∫𝑑𝒒∗𝑑𝒑∗ ∫ 𝛷(𝑝1)𝑑𝑞1𝑑𝑝1
𝐻1= +𝑑

𝐻1=
)

𝐸−𝐸0

0
   (1.10) 

Furthermore, since: 

   ∫ 𝛷(𝑝1)𝑑𝑞1𝑑𝑝1 = ∫
𝑝1

𝜇∗
𝑑𝑝1 =

𝐻1= +𝑑

𝐻1=

𝐻1= +𝑑

𝐻1=
𝑑휀               (1.11) 
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Eq. 1.9 therefore reduces to: 

   ∫ …
𝑋

∫𝑑𝒒𝑑𝒑𝛷(𝒒, 𝒑) = 

   ∫ 𝑑휀 (∫ …
𝐻∗=𝐸−𝐸0−

∫𝑑𝒒∗𝑑𝒑∗) =
𝐸−𝐸0

0
     

   ∫ …
0≤𝐻∗≤𝐸−𝐸0

∫𝑑𝒒∗𝑑𝒑∗       (1.12) 

Allowing the microcanonical rate constant to be expressed as: 

   𝑘(𝐸) =
∫ …0≤𝐻∗≤𝐸−𝐸0

∫𝑑𝒒∗𝑑𝒑∗

∫ …
𝐻=𝐸 ∫𝑑𝒒𝑑𝒑

                                                                (1.13) 

 

Where the numerator is now an integral over all possible energy states for the remaining 

(n - 1)-orthogonal modes of the transition state; and the denominator is an integral over the 

entire constant energy surface available to the reactant in the molecular phase space. 

 Eq. 1.13 represents the classical mechanical version of the microcanonical rate 

constant.  Before arriving at the RRKM rate constant, quantum mechanical properties of a 

molecular system must be taken into consideration.  First, the uncertainty principle 

precludes the strict possibility that a molecular state can be precisely specified as point in 

the molecular phase space to within ΔqΔp ≈ h, where h is Planck’s constant.  In effect, this 

introduces a cellular structure to the molecular phase space with dimensions of h.  

Consequently, the integral overall all possible states of the (n - 1)-orthogonal modes of the 

transition state must be replaced by a summation: 

   ∫ …
0≤𝐻∗≤𝐸−𝐸0

∫𝑑𝒒∗𝑑𝒑∗ = ℎ𝑛−1𝐺∗(𝐸 − 𝐸0)     (1.14) 

 

Where G*(E-E0) is the so-called sum-of-states and gives total number of quantum states 

available the transition state in the energy interval 0 to E-E0. 
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 A further consequence of the uncertainty principle is the inability to precisely 

specify energy to within ΔEΔt ≈ h for an evolving system.  This, of course, applies to the 

present case of a molecule with sufficient energy to react.  Thus, while the denominator of 

Eq. 1.13 would otherwise be integral over a precise energy E, it must be modified to a less 

precise quantity encompassing an energy uncertainty of E + δE.  We must therefore write: 

   ∫ …
𝐻=𝐸

∫𝑑𝒒𝑑𝒑 = ∫ …
𝐸≤𝐻≤𝐸+𝛿𝐸

∫
𝑑𝒒𝑑𝒑

ℎ𝑛
= 𝛿𝐺     (1.15) 

 

Where δG is the total number quantum states available to the reactant molecule in the 

energy interval E to E + δE.  However, in the limit that δG  0, we may define the 

following: 

   lim
𝛿𝐸→0

𝛿𝐺(𝐸)

𝛿𝐸
= 𝑁(𝐸)           (1.16) 

 

Where N(E) is the density of states of the reactant (dimensions of energy-1), or the number 

of quantum states available to the reactant molecule per unit energy.  This allows the 

denominator of Eq. 1.13 to be expressed as: 

   ∫ …
𝐻=𝐸

∫𝑑𝒒𝑑𝒑 = ℎ𝑛𝑁(𝐸)       (1.17) 

 

Which means that the number of quantum states available to the reactant molecule is 

simply given by number of quantum states in the limit δE  0 multiplied by hn  – where n 

is the number of internal degrees of freedom of the molecule.  Furthermore, a similar 

treatment is used to define the sum-of-states of the transition state: 

   ∫ 𝑑휀 (∫ …
𝐻∗=𝐸−𝐸0−

∫𝑑𝒒∗𝑑𝒑∗) =
𝐸−𝐸0

0
 

   ℎ𝑛−1 ∫ 𝑑휀
𝐸−𝐸0

0
𝑁∗(𝐸 − 𝐸0 − 휀)      (1.18) 

 

Where N*(E-E0-ε) is now the number of quantum states available to the transition state in 

the limit δ(E-E0-ε)  0.  Integrating over all possible translation energies of the reaction 
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coordinate thus provides the number of states available to the transition state in the interval 

0 to E-E0.  This quantity is then multiplied by hn-1 since the transition state possesses one 

less internal degree of freedom.  Combining eqs. 1.14 and 1.16 therefore allows one to 

arrive at the RRKM rate constant: 

   𝑘(𝐸) =
𝐺∗(𝐸−𝐸0)

ℎ𝑁(𝐸)
          (1.19)  

 

Where G*(E-E0) is the sum-of-states of the transition state, N(E) is the density of states of 

the reactant, and h is Planck’s constant, and k(E) has dimensions of s-1.  Finally, both the 

reactant and transition state are understood to possess a zero-point energy. 

 

Conclusion 

 

 This dissertation will focus on the characterization of the SPIDRR technique and 

its application toward studying the microcanonical kinetics of transition metal cation bound 

organic cluster reactions.  Chapter two will therefore provide an overview of the molecular 

beam apparatus used to perform SPIDRR studies.  Chapters three and four will present a 

detailed investigation of the Ni+ mediated dissociation of acetic acid using the SPIDRR 

technique.  Chapter five will present selected aspects of other SPIDRR studies.  Finally, 

Chapter six will provide general conclusions and highlight future areas of SPIDRR 

research. 
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CHAPTER TWO 

A Molecular Beam Apparatus for Performing Single Photon Initiated Dissociative 

Rearrangement Reactions (SPIDRR) with Transition Metal Cation Bound Organic 

Clusters 

This chapter published as: Gutierrez, M. G.; Theis, Z.; Lewis, T. W. R.; Bellert, J. D. A 

Molecular Beam Apparatus for Performing Single Photon Initiated Dissociative 

Rearrangement reactions (SPIDRR) with Transition Metal Cation Bound Organic 

Clusters.  Accepted for publication in the Review of Scientific Instruments. Reproduced 

with the permission of AIP Publishing.  

Introduction 

The basic aspects of the SPIDRR technique will be discussed.  An outline of the 

instrumentation and associated hardware is presented along with a discussion of our unique 

method of laser photon activation and data acquisition. 

High-Vacuum Molecular Beam Apparatus 

SPIDRR experiments are conducted in the high-vacuum instrument shown in 

Figure 2.1.  This instrument consists of two orthogonally coupled, stainless steel chambers.  

The expansion chamber is a laser vaporization cluster source76 used for precursor ion 

formation and laser photon activation.  The second is a custom time-of-flight mass 

spectrometer (TOFMS) used for ion mass separation.  In addition, a hemispherical 

electrostatic sector is situated at the terminus of the TOFMS to select for ion kinetic energy 

and thereby control transmission to a microchannel plate (MCP) detector.  All operational 

timing parameters are controlled via a LabView based program. 

More precisely, the expansion chamber is approximately 120 L in volume and is 

evacuated at a rate of 10,000 L s-1 by a single 400 mm diffusion pump.  The TOFMS is 
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constructed from two five crosses connected by a 1.5 m tube evacuated by two cryotrapped 

diffusion pumps, each operating at a rate of 1915 L s-1.  Base pressures are roughly 4 x 10-

5 Pa in the expansion chamber and 4 x 10-6 Pa in the TOFMS; operational pressures in both 

regions are about an order of magnitude greater than their respective base pressures. 

 

 

Figure 2.1 Picture and diagram of the molecular beam apparatus used to perform SPIDRR experiments.  It is 

comprised of a laser vaporization cluster source coupled to a custom TOFMS.  The TOFMS contains a pulsed 

ion accelerator at its entrance and a hemispherical electrostatic sector at its terminus that selectively transmits 

ions based on kinetic energy.  Photon activation of M(organic)+ clusters is initiated by an Nd:YAG pumped 

dye laser.  Charged product fragments generated in the field-free region of the TOFMS are then selectively 

transmitted to the MCP detector. 

 

 

 A source block designed to support a Parker series 9 general pulse valve and a metal 

target rod is attached to a removable flange secured to the top of the expansion chamber.  

When this flange is in position, the source block is centrally located inside the chamber.  

An electric motor is mounted to the external side of the flange that couples motion into the 

chamber and rotates the target rod at a rate of ~1.2 rpm.  Pulsed radiation from either a KrF 

excimer laser (248 nm) or an Nd:YAG laser (532 nm) is focused onto the surface of the 

rotating target rod, creating a gaseous metal vapor.  The series 9 valve pulses high pressure 

He gas (~4 x 105 Pa) seeded with the vapor pressure of a selected organic through this 
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vaporized metal plume, forming M(organic)+ clusters which are then rapidly cooled 

through the numerous collisions that occur within a supersonic expansion.  The resulting 

molecular beam is skimmed twice as it travels through 79 cm of field-free space, achieving 

a terminal velocity near that of pure He (1.77 x 103 m s-1), and eventually reaching the 

center of a pair of parallel capacitor plates within an orthogonal ion accelerator (OA).   

 The OA is located at the entrance of the TOFMS.  It consists of seven 11.7 cm x 

11.7 cm square parallel plates with a 2.54 cm open central channel for ion transmission.  

The first six plates are resistively coupled through 3 kΩ resistors.  The final two plates are 

electrically connected through a variable 13.33 – 20.33 kΩ resistance.  The final plate is at 

instrument ground.  To accelerate the ions, a 1.75 kV potential is pulsed onto the first plate 

which is resistively divided between the remaining plates in the stack.  This creates both 

low and high field potentials which focus ion packets onto the plane of the detector in 

accordance with the Wiley-McLaren design.77 

 Ions exit the OA with a defined kinetic energy and are mass separated as they travel 

through the 1.86 m field-free region of the TOFMS prior to reaching a custom 

hemispherical electrostatic sector.  The potential difference across the two halves of the 

sector can be varied to selectively transmit ions based on kinetic energy before striking a 

Chevron MCP.  Ion intensities are then recorded on a fast digitizer.  Accordingly, time-of-

flight mass spectra can be acquired when the sector potential is set to transmit ions with 

the kinetic energy imparted by the OA.  This not only allows the components of the ion 

beam to be mass assigned, but also permits the real-time optimization of timing parameters 

to generate stable and intense precursor ions of interest. 
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Experimental Trigger Sequence 

 

 Figure 2.2 presents the trigger pulse sequence used to perform a SPIDRR 

experiment.  The sequence begins with a 180 V, 200 – 300 µs wide pulse to open the pulse 

valve.  This is followed by the trigger to fire the vaporization laser, which is optimized to 

ensure maximum overlap of the gas pulse with the vaporized metal plume.  The relative 

timing between trigger pulses to the pulse valve and vaporization laser is usually between 

400 – 500 μs. 

 

 

Figure 2.2 The experimental trigger sequence used to perform a SPIDRR experiment.  The top panel provides 

a more detailed illustration of the fragment collection portion shown in the bottom panel. 

 

 

A few millimeters past the source block expansion orifice the nascent molecular 

beam enters a collision-free environment as it continues to expand through 79 cm of field-

free space before arriving at the OA.  The molecular beam requires approximately 450 μs 

to travel through this expansion region; and it is during this time interval that laser photon 

activation of M(organic)+ clusters within the beam is enacted by triggering the activation 
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laser.  The activation laser is an Nd:YAG pumped dye laser oriented along the instrumental 

axis that defines the expansion of the molecular beam toward the OA (Figure 2.1).  This 

permits laser interrogation of the beam at any position in the expansion region, as illustrated 

by the red bars in Figure 2.2.  Each red bar therefore indicates a single experimental 

sequence where the timing of the activation laser corresponds to the location of the 

molecular beam along the time axis in the top of Figure 2.1.  Alternatively, the timing of 

the activation laser trigger can be indicated by the relative delay, 𝜏, which is defined as the 

time difference between the activation laser and OA trigger values (top panel of Figure 

2.2). 

The trigger pulse to charge the OA to +1.75 kV is optimized to accelerate the 

densest portion of the M(organic)+ cluster packet.  The time required for ion acceleration 

is denoted by α and upon exiting the OA, the cluster packet enters the field-free region of 

the TOFMS.  The cluster time-of-flight (Δ) through the field-free region of the TOF is 

typically between 30 – 50 μs.  During this time interval, activated clusters may dissociate 

into product fragments which are then selectively transmitted to the detector upon entering 

the electrostatic sector.  The final trigger in the sequence is to the digital scope to record 

the transient signals.  Overall, a single experimental sequence requires approximately 1 ms 

to perform, and the average of 100 experimental sequences is commonly the reported 

result.  Furthermore, as will be discussed in more detail, a complete SPIDRR experiment 

is comprised of several of these experimental sequences in which the timing of the 

activation laser is varied for each sequence.  More concisely, a SPIDRR experiment is 

represented by the collection of red bars in Figure 2.2, whereas a single experimental 

sequence is represented by an individual red bar. 
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Photon Absorption and Unimolecular Dissociation 

 

Unimolecular dissociation of a M(organic)+ precursor cluster results from the 

absorption of a visible laser photon.  In general, ultraviolet radiation is required to 

electronically excite colorless organic molecules, and even with the slight perturbation to 

the electronic structure of the organic induced by the metal cation, it is unlikely that the 

organic portion of the cluster facilitates the absorption event.  Rather, the chromophore is 

likely the metal cation, which possesses low lying d←d and s←d electronic transitions.  

Although these parity forbidden transitions have zero oscillator strength in the isolated 

metal cation, they become weakly allowed in the cluster because the electrostatically bound 

organic inductively lowers the spherical electronic symmetry of the metal cation. 

A typical excitation event is presented in Figure 2.3.  The entrance channel 

complex, or the M+ bound organic cluster, absorbs a single visible photon that promotes 

the cluster to an electronically excited state.  The excited cluster may subsequently relax 

through either spontaneous photon emission or intersystem crossing to the ground state 

PES, where the rate of each process determines the ensuing competition.  Spontaneous 

emission, however, is unlikely due to the optical selection rules connecting the surfaces, 

while time-dependent density functional theory (TDDFT) suggests that intersystem 

crossing takes place on the nanosecond timescale in other ionic systems.78 We therefore 

conclude that intersystem crossing is the most probable event immediately following 

electronic excitation of the cluster. 
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Figure 2.3 Proposed photon activation mechanism for a M(organic)+ cluster.  Absorption of a single laser 

photon (hν1) promotes the M(organic)+ precursor cluster into an excited state.  Intersystem crossing to the 

ground state surface converts the absorbed quantum of photon energy into vibrational energy on the ground 

state surface.  This is followed by the relatively slow (μs) rearrangement dissociation of the precursor into 

fragments.  Absorption of two laser photons (hν2) results in prompt (likely ns) dissociation into M+ + organic 

separated reactants. 

 

 

Intersystem crossing results in the conversion of the absorbed photon energy into 

vibrational energy on the ground state surface (Figure 2.3).  If this energy exceeds 

activation barriers to metal cation bond insertion and rearrangement but is less than the 

energy of the ground state M(organic)+ cluster bond, then unimolecular dissociation into 

charged product fragments results.  However, if the absorbed photon energy exceeds that 

of the cluster bond, or if multiple photons are absorbed, then pre-dissociation into M+ + 

organic reactants is the most probable outcome due to the entropic preference for simple 

bond cleavage relative to metal cation bond insertion.   
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Consequently, bond insertion and rearrangement are only competitive when cluster 

dissociation is not energetically accessible.  This has the distinct advantage of preventing 

multi-photon absorption events from contaminating the fragment signal resulting from 

single-photon initiated reactions.  The SPIDRR technique is therefore capable of assessing 

the microcanonical kinetics of M(organic)+ decomposition reactions where submerged 

barriers (i.e., activation barriers below the separated reactant limit) govern the reaction. 

 The following event sequence and estimated timescales illustrates the preceding 

discussion for the case of the Ni+ mediated decomposition of CH3COOH: 

[Ni+(3d9 2D)(CH3COOH)] 
  ℎ𝑣 (𝑛𝑠)  
→       [Ni+(3d84s 4F)(CH3COOH)] 

  𝐼𝑆𝐶 (𝑛𝑠)  
→       [Ni+(3d9 2D) (CH3COOH)]* 

  𝐼𝑉𝑅 (𝑛𝑠)  
→       [Ni+(3d9 2D) (CH3COOH)]* 

  𝑘(ℎ𝑣),   (𝜇𝑠)  
→          Ni+(C2H2O) + H2O 

-or, in the case of multi-photon absorption- 

[Ni+(3d9 2D) (CH3COOH)] 
2ℎ𝑣 (𝑛𝑠)  
→       

Ni+(3d9 2D) + CH3COOH 

The stars indicate a vibrationally excited reactant resulting from intersystem crossing into 

high vibrational states on the ground state surface.  Presumably, this vibrational energy is 

quickly randomized via IVR and the system can be approximated by a microcanonical 

ensemble.  In addition, the radiative transitions between different vibrational states in the 

prepared ensemble are governed by the Einstein A coefficient, which has a cubic 

dependence on the energy difference between coupled states.  As such, the IR radiative 

emission lifetimes are typically in the millisecond to second range79,80 and are therefore not 

competitive with metal cation bond insertion and rearrangement, which instead occurs on 

the microsecond timescale.  This means that the microcanonical ensemble prepared by 

photon absorption is maintained on the timescale of the SPIDRR measurement.  The 

unimolecular decomposition of the M(organic)+ cluster is therefore governed by a 
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microcanonical rate constant with an energy dependence corresponding to that of the 

absorbed laser photon.   

 Since the precursor clusters are photoactivated as they travel along the expansion 

axis between the source block and OA, the cluster density along this axis—defined as the 

number of clusters present in a column traced out by the counter-propagating laser beam 

(~5 mm in diameter)—must remain constant to prevent artificial kinetic signals.  Two 

skimmers are located along the expansion axis at 28.6 and 69.3 cm from the source block 

with clear apertures of 0.95 and 0.79 cm, respectively.  The diameters of the skimmer 

orifices were chosen to be larger than the diameter of the laser beam to prevent laser 

attenuation along the jet axis.  In addition, the second skimmer is located as far from the 

source block as possible to reduce the apex angle of a cone defined by a ray that begins at 

the source block expansion orifice and passes through a point located on the second 

skimmer’s orifice.  This configuration minimizes the effect of precursor density changes 

during the expansion.  Moreover, there is a documented tendency81,82 of the heavier 

molecules in a seeded rare gas expansions to concentrate along the jet axis.  This 

fractionation of the heavier species toward the center of the jet occurs because multiple 

collisions with the helium carrier gas during expansion tend to accelerate the component 

of velocity along the jet axis, but these collisions are less effective at modifying the 

perpendicular velocity components of the heavier species.  The result is that the heavier 

species are effectively pushed inward, concentrating along the jet axis.  This mass 

separation effect has been used to enhance electron diffraction from clusters entrained in 

supersonic expansions.83 
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 Experiments have been carried out to demonstrate that precursor density changes 

along the jet axis are negligible.  For example, the Ni+ mediated dissociation of CD3COOH 

was found to exhibit long-lived biexponential decay.  To ensure that this unexpected 

biexponential behavior was not caused by precursor density changes upon transmission 

through the skimmers, the experiment was systematically repeated while reducing the 

aperture of an iris placed in the activating laser beam path.  As expected, this reduced the 

intensity of the observed signals, but otherwise had no influence on the shape of the kinetic 

waveform or the extracted rate constants. 

 

Acquisition of SPIDRR Data 

 

Activated M(organic)+ precursor clusters that dissociate after being fully 

accelerated into the TOFMS yield product fragments that have the same velocity as the 

undissociated cluster.  However, these product fragments possess a fraction of the 

precursor kinetic energy due to the change in mass upon dissociation.  As a result, for a 

product fragment formed in the field-free region of the TOFMS, the voltage to transmit 

through the electrostatic sector is given by: 

   𝑉𝐷 = 𝑉𝑃(
𝑀𝐷

𝑀𝑃
)                                                                         (2.1) 

 

where VD and VP are the transmission voltages of the product fragment and precursor 

cluster, respectively, and MD and MP are their corresponding masses.  Eq. 2.1 thus provides 

a basis for distinguishing between a precursor cluster and its product fragments—even 

though they have the same arrival time to the detector—by selecting the appropriate sector 

voltage.  In a SPIDRR experiment, only product fragments formed within the field-free 

region of the TOFMS contribute to the observed signal.  Any product fragment formed 

prior to orthogonal acceleration will not transmit through the sector. 
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 In practice, product fragment masses are identified by scanning the potential 

difference across the two halves of the electrostatic sector while simultaneously monitoring 

all signals reaching the detector within a time-window encompassing the precursor arrival 

time.  Figure 2.4 presents the results of such ‘sector scans’ for the Ni+ mediated dissociation 

of two isotopologues of acetic acid.  Here, the activation laser is triggered to intercept the 

molecular beam at the same time as the trigger to pulse the OA; this timing is used because 

it typically results in the maximal laser induced dissociation (LID) signal intensity.  Each 

trace of Figure 2.4 displays the observed LID intensity plotted vs. the fragment:precursor 

sector voltage ratio (VD/VP).  As shown in the panel labeled H4, the Ni(CH3COOH)+ 

precursor activated by a 17700 cm-1 laser photon results in three charged product 

fragments: Ni(H2O)+, Ni(CH3OH)+, and Ni(C2H2O)+.  The panel labeled D3H shows that 

the dissociation of the Ni(CD3COOH)+ isotopologue yields the same fragment peaks which 

are slightly shifted due to the H/D substitution.  The shoulders on the high ratio side of 

each peak is due to the 60Ni(fragment)+ isotope and is an artifact of the scan.  A Gaussian 

function is fit to each 58Ni(fragment)+ peak and the corresponding integrated area is 

calculated.  The product branching percentage is thus given by the percent ratio of a given 

fragment’s integrated area to the total integrated fragment area for each system. 
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Figure 2.4 Product fragment branching percentages determined through a sector potential scan.  

Ni(CH3COOH)+  (panel H4) and Ni(CD3COOH)+ (panel D3H) activated by a 17700 cm-1 laser photon 

dissociate into three fragments as the potential across the two halves of the electrostatic sector is scanned.  

Branching percentages are calculated as the percent ratio of each integrated peak area to the total integrated 

area. 

 
 

 In a SPIDRR experiment, unimolecular dissociation of a M(organic)+ precursor 

cluster (Figure 2.5) is measured by first selecting the sector transmission voltage for a 

specific product fragment mass, and then systematically increasing τ between experimental 

sequences—where 𝜏 is defined as the time difference between trigger values to fire the OA 

and activation laser.  With this designation, the simultaneous firing of the activation laser 

and the OA occurs at 𝜏 = 0; positive 𝜏 values indicate that the ion packet has been 

accelerated into the TOFMS before triggering the activation laser; and negative 𝜏 values 

indicate that the molecular beam is intercepted by the activation laser before reaching the 
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OA.  More specifically, negative 𝜏 values designate the time required by the M(organic)+ 

precursor cluster to reach the OA at the moment of photon activation.  Thus, at more 

negative 𝜏 values, the photoactivated precursor cluster has more time to dissociate before 

reaching the OA.  This, in effect, decreases the probability that the activated cluster 

survives long enough to enter the field-free region of the TOFMS before dissociating, 

resulting in fewer product fragments with the appropriate kinetic energy to transmit 

through the electrostatic sector and reach the detector (eq. 2.1).  The signals acquired with 

SPIDRR may therefore be interpreted as the survival probability or lifetime of a precursor 

cluster activated by a single laser photon.  This provides a definition of a SPIDRR 

measurement as the product fragment signal intensity resulting from the single photon 

initiated dissociative rearrangement reaction of an activated M(organic)+ cluster plotted as 

a function of 𝜏. 

 

 

Figure 2.5 Typical SPIDRR measurements for three different metal cation mediated dissociation reactions:  

Ni+ mediated dissociation of ethyl acetate (top panel), cyclopentanone (middle panel), and the Co+ mediated 

dissociation of d6-acetone (bottom panel). 
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Furthermore, the dissociation of the activated M(organic)+ precursor cluster 

population is governed by unimolecular reaction kinetics.  Consequently, the functional 

form of a SPIDRR measurement can be interpreted in terms of the corresponding 

unimolecular reaction mechanism.  As an example, consider the simple 𝐴
𝑘
→𝐵 mechanism 

where a laser excited precursor cluster, A, undergoes unimolecular dissociation to 

exclusively form the fragment ion, B.  The rate of decay of the precursor population is 

given by: 

   
𝑑𝐴

𝑑𝑡
= −𝑘𝐴(𝑡)          (2.2a) 

 

Which upon integrating yields: 

   𝐴(𝑡) = 𝐴0𝑒
−𝑘𝑡        (2.2b) 

 

In the context of a SPIDRR measurement, A0 is the number of activated M(organic)+ 

precursor clusters initially prepared by triggering the activation laser, and A(t) is the 

number of undissociated clusters remaining at time t, where time is measured with respect 

to the initiation of the reaction.  In addition, the rate constant is the microcanonical rate 

constant, k(E), with a cluster internal energy approximated by the energy of the absorbed 

photon.  Eq. 2.2b can be used to define the rate of formation of the fragment population: 

   
𝑑𝐵

𝑑𝑡
= 𝑘𝐴(𝑡) = 𝑘𝐴0𝑒

−𝑘𝑡       (2.2c) 

 

 The observed product fragment signal for a specified value of 𝜏 is given by the total 

number of fragments generated between the final plate of the OA and the entrance to the 

electrostatic sector.  This suggests that the fragment signal may be expressed as an integral 

of eq. 2.c over the time interval encompassing the cluster packet’s traversal of the field-

free region following laser photon activation.  Recall that the time-of-flight of the precursor 

cluster through the field-free region of the TOFMS is defined by   If we further define 
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the acceleration time of the cluster through the OA as , and consider only the magnitude 

of 𝜏, the observed signal, S, can be expressed as: 

   𝑆(𝜏) = ∫
𝑑𝐵

𝑑𝑡
𝑑𝑡 =

(𝛼+𝜏+∆)

(𝛼+𝜏)
∫ 𝑘𝐴0𝑒

−𝑘𝑡 𝑑𝑡
(𝛼+𝛥+𝜏)

(𝛼+𝜏)
    (2.3a) 

 

Which evaluates and reduces to: 

   𝑆(𝜏) = 𝐴0𝑒
𝑘(𝑎+𝜏) − 𝐴0𝑒

𝑘(𝑎+𝜏+∆) = 

   𝐴0(𝑒
−𝑘𝛼)(1 − 𝑒−𝑘∆)𝑒−𝑘𝜏                    (2.3b) 

 

Thus, the SPIDRR signal for a system described by the 𝐴
𝑘
→𝐵 mechanism can be 

interpreted as the product of four factors: A0 is the number of activated M(organic)+ clusters 

initially prepared by laser photon absorption; 𝑒−𝑘𝛼 is a constant denoting the fraction of 

A0 that survives in a time interval corresponding to cluster traversal of the OA; (1 − 𝑒−𝑘∆) 

is a constant denoting the fraction of A0 that dissociates in a time interval corresponding to 

the cluster time-of-flight through field-free region of the TOFMS; and 𝑒−𝑘𝜏 is the fraction 

of A0 that survives in the time interval between photon activation and the time the cluster 

packet reaches the OA.  Consequently, a smaller fraction of A0 survives to reach the OA 

the longer the time interval between firing the activation laser and the OA (i.e., more 

negative 𝜏 values).  This is consistent with the interpretation of SPIDRR as the lifetime of 

an activated M(organic)+ cluster.  Once again, we emphasize that for convenience only the 

magnitude of 𝜏 is considered in eqs. 2.3.a, b.  This is to help illustrate the fact that the 

observed SPIDRR signal is an exponentially decreasing function of τ multiplied by the 

microcanonical rate constant, which results in the same functional form as the precursor 

integrated rate law (eq. 2.2b). 

 Extending this argument to other reaction mechanisms suggests that the functional 

form of the SPIDRR signal will in general reproduce the rate law of the precursor or 
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intermediate that directly precedes product generation in a given kinetic mechanism.  In 

this way, the results of a SPIDRR experiment can be interpreted in terms of familiar 

chemical kinetic rate laws. 

 

SPIDRR Kinetic Range 

 

 Eq. 2.3b indicates there are three factors that determine the maximal observable 

SPIDRR signal intensity which occurs at τ = 0 μs—the precursor acceleration time through 

the OA (α), the precursor time-of-flight through the TOFMS (Δ), and the microcanonical 

rate constant governing product formation.  Figure 2.6 plots S(τ = 0) for a range of rate 

constants with α and Δ set to typical values of 3 and 37 μs, respectively.  This plot suggests 

that under ordinary operating parameters, the SPIDRR technique is most sensitive to 

reactions that proceed with a rate constant of k = 0.07 μs-1 (7 x 104 s-1).  However, rate 

constants as small as k = 0.002 μs-1 and as large as k = 1 μs-1 can in principle be measured 

by our technique. 

 The variation of the signal intensity as a function of the rate constant may have 

implications for precursors that decay into multiple product fragments.  Indeed, multiple 

fragment channels are often identified during a voltage scan of the electrostatic sector 

(Figure 2.4).  But for a precursor that dissociates into multiple fragments through a 

common rate-limiting step(s)—as is the case for all fragments shown in Figure 2.4—

fragment ion intensities measured during a voltage scan will be an unbiased measure of the 

product branching fractions.  However, for a precursor that dissociates into multiple 

fragments through different rate-limiting processes, then those fragment intensities will be 

biased through the rate constant-dependent sampling illustrated in Figure 2.7.  For example, 

consider the competitive precursor dissociation into two fragment ions with rate constants 
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k = 0.5 and 0.3 μs-1, respectively.  Figure 2.6 indicates that the faster process will yield a 

fragment intensity that is artificially attenuated by a rough factor of two when compared to 

the fragment yield formed at the slower rate.  Thus, in these types of situations, fragment 

intensities or exit channel fractions measured during a sector scan will need to be corrected 

by the k-dependent sampling of the SPIDRR technique. 

 

 

Figure 2.6 The dependence of the maximal observable SPIDRR signal on the kinetic rate constant.  S(τ = 

0)/A0 is plotted as a function of the rate constant for typical values of α = 3 μs and Δ = 37 μs.  As the 

magnitude of k decreases, very few precursors dissociate in the field-free region of the TOFMS even at τ = 

0, resulting in only a small fraction of A0 being observable.  Conversely, as the magnitude of k increases, 

more precursors dissociate in the acceleration region before entering the TOFMS, again resulting in a low 

maximal signal intensity.  The largest fraction of A0 that can be observed occurs with a rate constant of 0.07 

μs-1 (7 x 104 s-1) and represents a balance between the fewest number of precursors dissociating in the 

acceleration region and the maximum number of precursors dissociating in the TOFMS. 

 

 

Energy Resolution 

 

 The energy resolution in a SPIDRR measurement is limited by the thermal 

population of the precursor clusters following supersonic expansion.  This unquenched 

thermal population can be determined through measurements of electronic resonances 

utilizing photodissociation (PD) action spectroscopy and such studies are capable with the 

instrument featured here.  However, PD action spectroscopy has never successfully 

resolved resonant structure in open shell systems as large as those featured in Figure 2.5.  
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This is likely due to the large density of electronic states derived from the open d-shell 

systems coupled to the large number of vibrational modes from the organic bonding 

partner.  Indeed, the largest transition metal ion-organic system studied through PD is 

Zn(CH3OH)+.84 This was successful because the Zn+ cation has a closed d-shell and the 

carrier of the spectrum was derived from the lowest energy atomic transition, the 

2Po(3d104p) ← 2S(3d104s).  The spin orbit components of the 2Po state are ~6eV above the 

ground 2S indicating the sparse electronic state density of the Zn+ cation.   In comparison, 

the Ni+ cation has seven spin orbit split excited terms within ~6 eV of the ground state.85   

 Thus, since PD action spectroscopy will not resolve resonant electronic transitions 

in the large systems typical to SPIDRR studies, we can only estimate the unquenched 

thermal population remaining in the beam through secondary measurements.  One such 

study resulted from an energy threshold measured in the Ni+ mediated decarbonylation of 

propionaldehyde.72 Rate constants were measured through the SPIDRR technique and the 

decarbonylation reaction progressed with increasing rates as the energy of the activating 

photon increased.  However, at a photon energy roughly equal to 18200 cm-1, there was a 

pronounced decrease in the measured rate constants, resulting in the energetic threshold 

observed in Figure 2.7.  As more energy was added to the system, the measured rate 

constants again increased.   

 The threshold was due to the reaction progressing along competitive parallel 

pathways, one initiated with the metal oxidatively adding to a C-C bond and the other 

adding to the aldehyde C-H bond.  Each path terminated in the production of the Ni(CO)+ 

fragment.  The activation energy for each path was predicted by RRKM theory to differ by 

~1000 cm-1.  Furthermore, RRKM theory predicted that the lower energy path would 
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progress at a rate beyond our sampling ability when the precursor was energized to ~18200 

cm-1.  Thus, at energies below this threshold, SPIDRR measurements sampled Ni(CO)+ 

fragments produced at both rates and along both pathways.  However, at photon energies 

greater than 18200 cm-1, SPIDRR was only able to detect Ni(CO)+ fragments formed at the 

lower rate, causing the observed threshold. 

 

 

Figure 2.7 A plot of the microcanonical rate constant, k(E), measured in the Ni+ mediated decarbonylation of 

propionaldehyde as a function of the system internal energy.  The width (500 cm-1) of the energetic threshold 

measured at ~18200 cm-1 is related to the unquenched thermal population of the precursor following 

supersonic expansion. 
 

 

 The purpose of this discussion is to suggest that the width of the threshold, observed 

when plotting the measured decarbonylation k(E) values vs. energy (Figure 2.7), is limited 

by the unquenched thermal population of Ni(propionaldehyde)+ following supersonic 

expansion.  This feature’s width is rather narrow and it appears that energy equal to 500 

cm-1 encompasses the threshold’s width.  We thus estimate that the energy resolution of 

this technique is ± 250 cm-1 for comparably sized systems and that microcanonical rate 

constants are reported to this same ± 250 cm-1 resolution.  Alternatively, the temperature 

of the molecular beam can be assessed from its velocity distribution.86 
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Conclusion 

 

 For most chemical kinetic techniques, a reaction is first initiated and the subsequent 

changes in product or reactant populations are monitored as a function of time.  However, 

the SPIDRR technique works in a unique way by instead initiating a reaction and then 

measuring the total number of product fragments generated in the field-free region of our 

TOFMS as the activated ion packet is accelerated toward the detector.  By repeating this 

procedure again but with a different delay time between when the reaction is initiated and 

when the activated ion packet is accelerated into the TOFMS, a different region in the time 

evolution of the product population can be sampled.  As we have shown in this chapter, 

measuring the fragment signal intensity over a range of delay values makes possible the 

direct measurement of the microcanonical kinetics for transition metal cation bound 

organic clusters.  This makes SPIDRR an ideal technique for determining whether these 

systems are described by statistical theories such as RRKM, or whether non-statistical 

effects can influence the reaction dynamics. 

In summary, gas-phase ion-molecule reactions have been studied by various 

techniques as models for transition metal catalysis.  The SPIDRR technique represents a 

novel contribution to this field by providing a way to measure the microcanonical kinetics 

associated with transition metal cation mediated reactions with small organic molecules.  

This information can in turn provide additional opportunities for investigating the often 

highly complex reaction mechanisms and dynamics associated with transition metal 

chemistry, as well as providing benchmark measurements for computational studies of 

these processes.  For these reasons, we believe SPIDRR will provide an important 

contribution to the understanding of transition metal catalysis and reactivity 
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CHAPTER THREE 

 

A Mechanistic Study of the Ni+ Mediated Dissociation of Acetic Acid using the SPIDRR 

Technique 

 

 

Introduction 

 

 The starting point for any detailed analysis of a chemical transformation is the 

reaction mechanism—i.e., the sequence of elementary steps that collectively describe the 

overall change from reactants to products.87-90 Consequently, the elucidation of reaction 

mechanisms for diverse chemical systems has historically been one of the primary 

objectives of physical chemistry.  In fact, the very notion of a reaction mechanism is 

inextricably linked to the overall development of physical chemical science.  For even at 

the most rudimentary levels of chemistry, thinking in terms of a reaction mechanism is a 

natural consequence of the molecular understanding of matter that constitutes the central 

achievement of modern chemical science.  After all, the reaction mechanism is a model 

which invokes molecular level events—collisions, the motion of nuclei, the breaking and 

forming of chemical bonds, etc.—to explain observable macroscopic chemical phenomena. 

 In terms of studying reaction mechanisms using modern computational chemistry, 

the most important construct is the reaction potential energy surface (PES).22 The PES 

relates the energy of a molecular system to the configuration of its nuclei, which permits 

the calculation of the energetic requirements associated with a reaction pathway linking 

reactant and product species.  This suggests a deep physical connection between the 

topology of the PES, the reaction mechanism, and the overall rate of a chemical 

transformation, as early proponents of reaction rate theory clearly understood.91 But until 
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quite recently, the ability to calculate the PES accurately for any but the simplest of 

reactions obstructed detailed explorations into what this connection might entail.  

Consequently, using the PES to explain chemical phenomenon has historically been more 

a matter of principle than a practical tool of analysis.  But this situation has of course 

changed dramatically with advances in computational technology, and the current ability 

to explore features of the PES has made possible the elucidation of mechanistic details for 

an immense number of chemical systems, such that computational chemistry is now an 

indispensable tool in all branches of chemical research. 

 But although increasing reliance on computation might appear to render the 

distinction between the PES and the reaction mechanism trivial, it would be a mistake to 

dispense with traditional experimental criteria for investigating and establishing the latter, 

particularly through chemical kinetic studies.  This is because the observable properties of 

a reacting system can never contradict the actual reaction mechanism, whereas 

computation is susceptible to false predications concerning the mechanism.  Any proposed 

reaction mechanism must therefore be able to account for known experimental facts such 

as reaction rates, temperature or energy dependence, and product selectivity among other 

criteria.  Thus, while it is generally true that more than one mechanism may be found that 

accounts for experimental observations, chemical kinetic studies nonetheless serve an 

important role in eliminating mechanisms from consideration which may be 

computationally feasible.  This is particularly true for complex reactions, where the number 

of computed mechanistic scenarios may be substantially reduced through kinetic 

experimentation.  A truly sound mechanistic analysis in other words must utilize both 

experiment and computation. 
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 In this respect, very few areas of chemical research have provided a more fruitful 

meeting place for experiment and theory than gas-phase studies.  Indeed, there have been 

several instances where discoveries made in gas-phase systems furnish concepts that can 

be fruitfully applied to more complex situations, such as the condensed phase;52,92,93 and 

this is principally because gas-phase systems permit both high resolution experimental 

measurements and equally high quality computational modeling.  For these reasons, gas-

phase studies have been particularly useful in the investigation of transition metal ion 

chemistry.51-55  It is well-known, for example, that studies of gas-phase ion-molecule 

reactions involving transition metal cation species and small organic molecules have 

permitted the detailed analysis of transition metal mediated catalysis in several model 

systems, which has furnished the requisite mechanistic information to improve 

commercially significant catalytic processes.94-97 

 Studying the catalytic decomposition of small carboxylic acids has been an 

important area of research for many years, especially as it pertains to the decomposition of 

acetic acid because it is a major constituent of bio-oil.98-104 A better understanding of the 

catalytic reforming of acetic acid by metal surfaces such as nickel could therefore help 

provide sustainable sources of hydrogen among other important chemical products.  

However, investigation of the metal mediated catalysis of acetic acid presents an 

experimentally challenging task which in many cases limits the mechanistic information 

that can be obtained.  However, the SPIDRR technique presents a unique avenue to 

investigate the reaction mechanism of acetic acid catalysis on a nickel surface by instead 

probing the microcanonical kinetics of the Ni+ mediated dissociation of a single acetic acid 
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molecule.  In effect, this constitutes an ideal model of the catalytic activation that occurs 

on a single active site of a nickel surface. 

 The following chapter presents the results of a mechanistic study of the Ni+ 

mediated dissociation of acetic acid using the SPIDRR technique.  It was determined that 

Ni(CH3COOH)+ clusters generated in a laser vaporization cluster source dissociate into 

three charged product fragments upon laser photon activation—Ni(CH2CO)+, Ni(H2O)+, 

and a third fragment with a mass of approximately 81 amu which could not be 

unambiguously identified as either Ni(CH3OH)+ or Ni(CH2)(H2)
+.  SPIDRR measurements 

combined with theoretical calculations of the reaction PES reveal two possible mechanistic 

scenarios capable of explaining the Ni+ mediated dissociation of acetic acid. 

 

Methods 

 

 Interpreting the observations acquired using the SPIDRR technique requires a 

thorough comparison with computational models.  For this reason, all SPIDRR studies 

should be viewed as a collaborative effort between experiment and theory.  In the present 

study, SPIDDR was used to assess the microcanonical kinetics of Ni(CH3COOH)+ 

decomposition, while density functional theory (DFT) combined coupled-cluster (CC) 

theory were used to explore the reaction PES.  In addition, parameters determined from the 

PES such as critical point energies and normal mode vibrational frequencies were used to 

calculate RRKM rate constants to provide dynamic information regarding motion along 

the PES.  The experimental aspects of this study will be discussed first, followed by 

computational methods. 
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Experimental 

 

 The details of the SPIDRR technique have already been discussed in Chapter two.  

Recall that in general the SPIDRR technique works by forming M(organic)+ clusters with 

low internal energy via a laser vaporization cluster source.   These clusters are then 

activated by the absorption of a single laser photon.  Unimolecular dissociation of the 

photoactivated precursor cluster results if the absorbed photon energy is greater than 

activation barriers along the reaction PES.  In such cases, the production of all charged 

product fragments generated in the field-free region of the time-of-flight mass spectrometer 

(TOFMS) is monitored.  Successively altering the relative delay time, τ, between the 

photoactivation of precursor clusters and acceleration in the TOFMS allows the 

microcanonical reaction kinetics of cluster fragmentation to be assessed as a function of 

the activating photon energy. 

 In this study, Ni(CH3COOH)+ clusters were generated in the high-vacuum 

expansion chamber in the following way.  A Parker series 9 general pulse valve was 

attached to a high-pressure helium line seeded with the vapor pressure of acetic acid.  The 

valve then pulsed the contents of this line through a gaseous metal vapor created by 

directing pulsed, focused 532 nm radiation from an Nd:YAG laser onto a 1/4”, 200 nickel 

rod (>98% purity).  This permits the formation of Ni(CH3COOH)+ clusters which are 

rapidly cooled through numerous collisions with the expansion gas, resulting in a 

supersonic expansion.  The relative timing between trigger commands to the pulse valve 

and vaporization laser was optimized to ensure maximal formation of Ni(CH3COOH)+ 

clusters within the molecular beam. 
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The molecular beam is skimmed twice as it moves through the 79 cm of field-free 

space comprising the expansion region before entering a Wiley-McLaren type orthogonal 

accelerator (OA) located at the entrance of the TOFMS.  The OA was pulsed from ground 

to +1.75 kV to redirect positively charged species within the molecular beam into the 

TOFMS.  Mass separation occurs as the ion packet traverses the 1.8 m field-free region of 

the TOFMS before entering a hemispherical electrostatic sector which is selective for 

kinetic energy.  To collect mass spectra, the potential across the two halves of the 

electrostatic sector was set to transmit ions with the kinetic energy imparted by the OA, 

allowing the full ion beam to reach a Chevron microchannel plate detector according to 

their mass dependent arrival times.  A characteristic mass spectra of the Ni(CH3COOH)+ 

system is shown in Figure 3.1. 

 

 

Figure 3.1 Characteristic precursor mass spectra of the Ni(CH3COOH)+ system. 
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A SPIDRR experiment is performed by using an Nd:YAG pumped dye laser, or 

activation laser, to interrogate the molecular beam prior to acceleration into the TOFMS.  

In general, this establishes a population of photoactivated Ni(CH3COOH)+ precursor 

clusters resulting from both single and multiphoton absorption events.  However, 

precursors that absorb multiple visible photons possess an internal energy content greater 

than the Ni(CH3COOH)+ cluster bond energy (calculated at De = 20,241 cm-1) and most 

likely dissociate immediately into separated reactants: Ni+ + CH3COOH.  Conversely, 

absorption of a single photon provides the cluster with sufficient internal energy to react 

while remaining below the cluster bond energy.  Consequently, the observed laser induced 

dissociation (LID) of Ni(CH3COOH)+ clusters into charged product fragments can be 

considered to result exclusively from single photon absorption events. 

For systems that dissociate into multiple charged product fragments, a sector 

potential scan can be used to determine both the mass of each fragment and its respective 

product branching percentage.  A sector potential scan is performed by first setting the 

activation laser to intercept the molecular beam at the same time as the trigger to pulse the 

OA (τ = 0) in order to generate maximal LID fragment signal; the potential across the two 

halves of the electrostatic sector is then varied between experimental sequences.  This 

results in a plot showing product fragment transmission through the electrostatic sector as 

a function of the sector voltage.  Typical sector scans feature Gaussian-shaped peaks 

corresponding to the transmission of each product fragment.  The sector voltage 

corresponding to optimal product fragment transmission is proportional to the mass of the 

fragment (eq. 2.1), allowing the fragment mass to be determined.  In addition, the SPIDRR 

fragment signal corresponding to each individual fragment can be quantified from its peak 
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area.  Product branching percentages are calculated as the percent ratio of each fragment 

peak to the total peak area.  Figure 3.2 shows a sector potential scan of Ni(CH3COOH)+ 

activated by a 17,700 cm-1 laser photon.  Three LID fragment channels are evident: 

Ni(H2O)+ (26%), Ni(CH3OH)+ (12%), and Ni(C2H2O)+ (62%). 

 

 

Figure 3.2 Sector potential scan of Ni(CH3COOH)+ activated by a 17,770 cm-1 laser photon.  Three fragment 

channels are evident: Ni(H2O)+ (26%), Ni(CH3OH)+ (12%), and Ni(C2H2O)+ (62%).  An estimated 5% error 

is associated with each branching percentage. 
 

 

SPIDRR measurements of Ni(CH3COOH)+ dissociation were performed by first 

selecting the sector transmission voltage for a specific product fragment mass, and then 

systematically increasing τ between experimental sequences—where 𝜏 is the relative time 

delay between trigger values to fire the OA and activation laser.  In effect, this decreases 

the probability that photoactivated Ni(CH3COOH)+ clusters survive long enough to enter 

the field-free region of the TOFMS before dissociating, resulting in fewer product 

fragments with the appropriate kinetic energy to transmit through the electrostatic sector 

and reach the detector.  A plot of the observed product fragment signal as a function of 𝜏 

therefore represents the lifetime of the Ni(CH3COOH)+ cluster population activated by a 
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single laser photon.  The resulting SPIDRR waveforms were then analyzed to extract the 

microcanonical rate constants governing product formation with the internal energy of the 

cluster approximated by the interrogating photon energy. 

 The energy resolution in a SPIDRR measurement is limited by the thermal 

population of the precursor clusters following supersonic expansion.  In order to assess the 

temperature of the molecular beam for this study, Ni(CH3COOH)+ clusters were generated 

using two additional methods.  In the first method, a Parker series 9 general pulse valve 

was attached to a high-pressure line containing a 95:5 He:H2 mixture seeded with the vapor 

pressure of acetic acid.  The contents of the line were then pulsed through a gaseous metal 

vapor prepared in the manner previously described to form Ni(CH3COOH)+ clusters.  The 

presence of molecular hydrogen in the expansion allows for more efficient cooling of the 

Ni(CH3COOH)+ clusters as a result of the diatomic vibrational mode which provides an 

additional interface for energy transfer.  The second method of generating Ni(CH3COOH)+ 

clusters involved seeding the vapor pressure of ethyl acetate into a pure helium expansion 

to form Ni(C4H8O2)
+ clusters.  A portion of this cluster population decomposes within the 

expansion chamber to form Ni(CH3COOH)+.  As illustrated in Figure 3.3, SPIDRR 

measurements performed on Ni(CH3COOH)+  clusters generated using all three methods 

discussed yield virtually identical rate constants.  While this does not constitute a direct 

measurement of the temperature of the molecular beam, it does suggest that efficient 

cooling is taking place in the supersonic expansion under all conditions employed.  Unless 

otherwise indicated, all experimental data presented hereafter was acquired using a pure 

helium expansion seeded with acetic acid. 
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Figure 3.3 SPIDRR measurements of Ni(CH3COOH)+ clusters prepared by three different methods: Panel A, 

pure He expansion seeded with the vapor pressure of acetic acid; Panel B, 95:5 He:H2 expansion seeded with 

the vapor pressure of acetic acid; Panel C, pure He expansion seeded with the vapor pressure of ethyl acetate.  

A combined trace is presented in Panel D, showing identical kinetic waveforms. 

 

 

Theory 

 

 The reaction PES for the Ni+ mediated dissociation of acetic acid was calculated 

using density functional theory (DFT).  The functional employed for this study was the 

Perdew, Burke, and Hernzerhof (PBE) functional105 combined with the correlation 

consistent triple-ζ quality basis set cc-pVDZ.106,107  This choice was made primarily 

because of the desire to avoid heavily parameterized functionals, as well as the desire to 

use a functional form which has provided consistently good results for a wide range of 

metal mediated catalytic systems.108-110 

 For all stationary points, second derivatives of the energy with respect to nuclear 

displacements were computed.  Harmonic analysis confirmed the nature of the stationary 

points and normal mode vibrational frequencies were obtained. 
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 In order to obtain electronic energies of higher accuracy and therefore attain a more 

precise description of the PES, a coupled cluster energy evaluation was performed on select 

critical point structures at the UCCSD(T) level with the latest definition of Ahlrich’s triple-

ζ quality basis set, def2-TZVP.  All calculations were performed with Gaussian 09.111 

 

RRKM 

 

 A general RRKM program was written for the computational suite Mathematica.112 

This program was used to calculate microcanonical rate constants for elementary steps in 

the Ni(CH3COOH)+ reaction mechanism.  The microcanonical rate constant is calculated 

according to: 

   𝑘(𝐸) =
𝐺∗(𝐸−𝐸0)

ℎ𝑁(𝐸)
                                                       (3.1) 

 

Where 𝐺∗(𝐸 − 𝐸0) is the sum-of-states of the transition state above the energy threshold 

E0, N(E) is the density of states of the activated reactant with internal energy E, and h is 

Planck’s constant.  Critical point energies and vibrational frequencies determined from the 

reaction PES were used as input parameters to calculate the sum and density of states. 

 

Results 

 

Experimental 

 

 SPIDRR measurements of all observable product fragment channels resulting from 

the unimolecular dissociation of Ni(CH3COOH)+ are shown in Figure 3.4.  The data 

presented in each panel was acquired with the same activating photon energy of 16,000 

cm-1.  As expected, these results demonstrate that the lifetime of the photoactivated 

Ni(CH3COOH)+ cluster population decreases exponentially as a function of the relative 

delay, τ, between timing values to the OA and activation laser.  This means the absorption 
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of a 16,000 cm-1 laser photon provides sufficient energy to the cluster to surmount energy 

barriers along the PES leading to cluster rearrangement and dissociation.  An exponential 

function was fit to each measurement and the extracted rate constants are provided in each 

panel.  These rate constants can be interpreted as the microcanonical rate constants 

governing cluster dissociation into each product fragment for an internal energy closely 

approximated by the activating photon energy.  Comparison of the extracted rate constants 

indicates that all product fragment channels are governed by the same microcanonical rate 

constant.  From a mechanistic standpoint, this implies cluster dissociation is governed by 

a common, rate-limiting process leading to the formation of Ni(C2H2O)+, Ni(H2O)+, and 

Ni(CH3OH)+. 

 

 

Figure 3.4 SPIDRR measurements of the unimolecular dissociation of Ni(CH3COOH)+ activated by a 16,000 

cm-1 laser photon.  Each panel corresponds to a different fragment channel with normalized signal intensity.  

Each circle represents the average of 100 experimental sequences.  The solid line is a single exponential 

function fit to the data with the optimized rate constant provided in the panel. 
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To determine whether the observed fragment channels still share a common rate 

constant at different cluster internal energies, SPIDRR measurements were performed 

across a range of activating photon energies.  At all photon energies studied, identical rate 

constants were observed in all fragment channels.  Thus, the results shown in Figure 3.4 

are not a coincidence of the particular photon energy used, which supports the notion that 

a common, rate-limiting step governs product fragment production.  In addition, the energy 

dependence of the microcanonical rate constant is presented in Figure 3.5 where the 

average rate constant extracted from all fragment channels is plotted as a function of the 

activating photon energy.  As expected, the microcanonical rate constant shows a general 

increase over the 3,000 cm-1 energy range.  However, this increase appears to be fairly 

modest. 

 

 

Figure 3.5 The microcanonical rate constant extracted from Ni(CH3COOH)+ SPIDRR measurements plotted 

as a function of the activating photon energy.  Note that the rate constant is an average of all three fragment 

channels.  A modest increase in the rate constant as a function of energy is evident.  An estimated 5% error 

is ascribed to each data point. 
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 Sector potential scans were also used to investigate product branching percentages 

as a function of the activating photon energy.  The results of these scans are plotted in 

Figure 3.6 where it is apparent that the branching percentages do not change appreciably 

as the activating photon energy is increased.  In general, one would expect these branching 

percentages to change with energy; however, this result may be consistent with the modest 

energy dependence of the rate constant shown in Figure 3.5.  If the observed rate constant 

shows only a modest increase with energy, then the competition between fragment 

channels may likewise display only a modest energy dependence. 

 

 

Figure 3.6 Product fragment branching percentages as determined through sector potential scans at various 

photon energies.  The branching percentages show little change as the activating photon energy is increased 

from 15,500 to 17,500 cm-1.  An estimated error of 5% is ascribed to each data point. 
 

 

Theory 

 

 The reaction PES for the Ni+ mediated dissociation of acetic acid was computed 

at the PBEPBE/cc-pVDZ level of theory.  In general, these calculations show parallel 

reaction pathways beginning with Ni+ insertion into either the C-C or C-O bonds of acetic 

acid. 
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Figure 3.7 The C-O activation pathway of the Ni(CH3COOH)+ reaction PES computed at the PBEPBE/cc-

pVDZ level of theory.  Energies units are in cm-1.  The Ni(CH3COOH)+ cluster bond was computed at De = 

20,241 cm-1.  All reaction barriers are therefore submerged below the separated reactant limit. 
 

 

 The C-O activation pathway is displayed in Figure 3.7.  Here, Ni+ insertion 

proceeds through transition state TS1c with an energy requirement of 10,134 cm-1 to form 

the σ-bonded, Ni+ inserted intermediate Min1c.  From this structure, the system can 

undergo an intramolecular hydrogen transfer through TS1e to form the electrostatically-

bound Ni(C2H2O)(H2O)+ cluster, leading in turn to the formation of Ni(C2H2O)+ or 

Ni(H2O)+ by loss of either neutral fragment.  However, this process is more energetically 

demanding by ~4,000 cm-1 than Ni+ mediated cleavage of the adjacent C-C bond to form 

the tricoordinated intermediate Min3c, which takes place through the low energy transition 

state structures TS2c and TS3c.  From Min3c, the system can still facilitate a hydrogen 
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transfer through TS1f to form the Ni(C2H2O)(H2O)+ cluster via the carbene intermediate 

Min1f.  However, this process is again more energetically demanding by ~4,000 cm-1 

compared to C-O bond coupling through TS4c to form the electrostatically-bound 

Ni(CH3OH)(CO)+ cluster, which results in Ni(CH3OH)+ production upon loss of neutral 

CO. 

 

 

Figure 3.8 The C-C activation pathway of the Ni(CH3COOH)+ reaction PES computed at the PBEPBE/cc-

pVDZ level of theory.  Energy units are in cm-1.  All reaction barriers are submerged below the separated 

reactant limit. 
 

 

 The parallel C-C activation pathway is displayed in Figure 3.8.  In this case, Ni+ 

insertion instead proceeds through transition state TS1b with an energy requirement of 

11,298 cm-1 to form the σ-bonded, Ni+ inserted intermediate Min1b.  The C-C activation 

pathway is therefore slightly more energetically demanding compared to C-O activation 
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by roughly 800 cm-1.  In any case, from Min1b, Ni+ mediated cleavage of the adjacent C-

O bond through TS1g leads to the tricoordinated intermediate Min3c already encountered 

along the C-O pathway.  Consequently, the C-C and C-O pathways are identical from this 

point forward—an intramolecular hydrogen transfer to generate the Ni(C2H2O)(H2O)+ 

cluster is competitive with C-O bond coupling to form the Ni(CH3OH)(CO)+ cluster, where 

the latter process is energetically preferred. 

 Overall, the theoretical calculations suggest that the highest energy barriers occur 

after Ni+ bond insertion.  As a result, the overall competition between C-O and C-C bond 

activation likely does not influence the observed reaction kinetics since both pathways 

converge prior to encountering rate-limiting barriers.  In addition, the tricoordinated 

species Min3c would appear to satisfy the criteria for a rate-limiting intermediate leading 

to all product channels, which could in turn explain the identical kinetic signatures 

observed in the SPIDRR measurements (Figure 3.4).  However, it is surprising that the 

calculations suggest the intramolecular hydrogen transfer required to form 

Ni(C2H2O)+/Ni(H2O)+ through TS1f constitutes the highest energy process.  This is clearly 

inconsistent with the experimentally observed fragment branching percentages which show 

that Ni(C2H2O)+ and Ni(H2O)+ are the major product channels with Ni(CH3OH)+ 

comprising only about 12% of the observed fragment signal.  However, the experimental 

Ni(C2H2O)+/Ni(H2O)+ branching percentages do appear to be in qualitative agreement with 

the dissociation energies calculated for the Ni(CH2CO)(H2O)+ cluster (Figures 3.7, 3.8). 
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Discussion 

 

 The experimental results in conjunction with theory suggest that one possible 

mechanism describing the Ni+ mediated dissociation of acetic acid is that shown in Scheme 

3.1.  In this scenario, Ni+ can activate either the C-C or C-O bond of acetic acid to form the 

respective inserted intermediates Min1b (k1) and Min1c (k2), which then rearrange to form 

the tricoordinated structure Min3c (k3 and k4).  This latter structure leads to all observable 

product fragments by either facilitating C-O bond coupling through TS4c to form 

Ni(CH3OH)+ upon loss of neutral CO (k5), or instead undergoing a hydrogen transfer 

through TS1f (k6) to the form Ni(CH2CO)+ and Ni(H2O)+ upon loss of neutral H2O or 

CH2CO, respectively (k8 and k9).  Furthermore, since there is no experimental evidence to 

suggest a pathway to Ni(CH2CO)+/Ni(H2O)+ formation independently of Ni(CH3OH)+ 

formation, the possibility of a hydrogen transfer from the C-O inserted intermediate Min1c 

is excluded from Scheme 3.1 even though calculations indicate this is an energetically 

accessible process.  This exclusion can be justified further from RRKM calculations which 

indicate that rearrangement of Min1c to form Min3c (k3) occurs much more rapidly than 

the competitive hydrogen transfer through TS1e.  This is not a surprising result considering 

the large energy difference separating these processes. 

 The differential rate equations associated with Scheme 3.1 can be solved using 

elementary techniques to provide a series of integrated rate laws describing the evolution 

of the activated Ni(CH3COOH)+ cluster population into product fragments (see Appendix).  

These rate laws can therefore provide a kinetic model to simulate the SPIDRR 

measurements of Ni(CH3COOH)+ dissociation once instrumental sampling effects are 

accounted for in the manner described in chapter two. 
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Scheme 3.1 A possible reaction mechanism describing the unimolecular dissociation of Ni(CH3COOH)+ 

observed with the SPIDRR technique. 
 

  

 In this regard, it should be noted that a common assumption utilized when modeling 

SPIDRR data is that loss of a neutral ligand from the electrostatically-bound intermediate 

clusters—in this instance, Ni(CH3OH)(CO)+ and Ni(CH2CO)(H2O)+—is considered to 

occur much faster in comparison to their respective rates of formation.  This assumption 
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permits these intermediate clusters to be treated with a steady-state approximation when 

solving the differential rate equations associated with a proposed mechanism, which offers 

a considerable mathematical simplification.  Moreover, this assumption can be justified by 

considering that the formation of an electrostatically-bound intermediate cluster in general 

requires the system to surmount a transition state, whereas the loss of a neutral ligand is a 

barrierless process that is entropically preferred owing to the large number of translational 

states available to the departing neutral fragment.113 Thus, even though the calculated 

energies to form the observed product fragments are relatively large (Figures 3.7, 3.8), the 

rate of neutral dissociation should still be a comparatively fast process which can be 

reasonably disregarded in kinetic simulations. 

 

 

Figure 3.9.  Kinetic simulations of the SPIDRR data: A) Scheme 3.1 with k5 = 2.9 x 104 s-1 and k6 = 2.4 x 105 

s-1, B) Scheme 3.2 with k5 = 2.7 x 105 s-1, and C) Scheme 3.3 with k2 = 2.9 x 104 s-1 and k3 2.5 x 105 s-1. 
 

 

 Using the model derived from Scheme 3.1, the SPIDRR data can be effectively 

simulated assuming the rate-limiting step in this mechanism corresponds to the depletion 
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of the Min3c population to form product fragments (Figure 3.9).  In terms of the kinetic 

model, this means the extracted microcanonical rate constant from the SPIDRR data must 

be equal to the sum of k5 and k6.  This appears to be a somewhat reasonable scenario 

considering that at least one of these reaction pathways corresponds to the largest activation 

barrier on the calculated PES.  However, to account for the experimentally determined 

branching fractions, the relative magnitudes of k5 and k6 required for the simulation are in 

poor agreement with RRKM calculations, which instead predict exclusive formation of 

Ni(CH3OH)+ with a rate constant much greater than experimental observation.  By itself, 

this discrepancy does not necessarily invalidate the mechanism proposed in Scheme 3.1.  

But there are other difficulties with this mechanism that suggest another scenario should 

be considered to describe Ni(CH3COOH)+ dissociation. 

 The first of these difficulties concerns the energy dependence of the experimentally 

determined fragment branching percentages (Figure 3.6).  Recall that these branching 

percentages displayed very little change as a function of the activating photon energy.  In 

terms of Scheme 3.1, this observation should only be possible if the rate constants 

governing the formation of Ni(CH3OH)+ (k5) and Ni(CH2CO)+/Ni(H2O) (k6) increase at 

the same rate with increasing photon energy.  In general, this is a highly unlikely scenario 

and the calculated RRKM rate constants predict that a change in the observed branching 

percentages should be observed.  Scheme 3.1 therefore does not provide a satisfactory 

explanation for the invariance of the branching percentages as a function of energy. 

 Another difficulty is the modest increase in the experimentally observed rate 

constant with increasing photon energy (Figure 3.5).  RRKM calculations typically predict 

a rapid increase in the microcanonical rate constant with energy, with the only exception 
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being when the internal energy of the system exceeds the transition state barrier by a small 

amount (E-E0 < 2,000 cm-1).  In this energy regime, a gradual increase in the rate constant 

is possible because the increase in the sum-of-states of the transition state is relatively 

small.  Hence, the observed energy dependence of the rate constant shown in Figure 3.5 

likely indicates that the rate-limiting transition state barrier is near the total internal energy 

of the cluster.  According to the calculations, the best candidate for such a transition state 

is TS1f which is both the highest energy barrier computed and close to the internal energy 

of the activated Ni(CH3COOH)+ cluster at all photon energies studied.  Furthermore, 

RRKM calculations show that the predicted rate constant for surmounting TS1f provides 

the closest agreement with the experimentally observed rate constant (Figure 3.10), 

although the overall energy dependence assessed through SPIDRR does appear to be non-

statistical.  However, the RRKM rate constant to surmount TS4c is predicted to exceed the 

detection limit of the instrument at all photon energies studied. 

 

 

Figure 3.10.  The experimental rate constants determined through SPIDRR plotted as a function of activating 

photon energy, and the RRKM rate constant for surmounting TS1f as a function of energy.  The magnitude 

of the RRKM rate constant is near the experimentally determined value for the first three data points, but 

then rapidly increases above 17,000 cm-1.  The best agreement with experiment occurs at an internal energy 

of ~16,500 cm-1. 
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 Since TS1f does involve a hydrogen transfer, it is at least conceivable that hydrogen 

tunneling influences the competition between TS1f and TS4c in such a way that TS1f still 

controls the overall competition.  However, the gradual increase in the observed rate 

constant indicates this is the not the case—it is well-known, for instance, that tunneling in 

a microcanonical system results in a more pronounced energy dependence below the 

transition state barrier.114 Furthermore, at energies above the barrier, the probability of 

hydrogen transmission rapidly increases to unity, meaning that classical behavior should 

be expected at virtually all system energies above the transition state barrier.  Thus, 

quantum effects should be negligible in influencing the competition between TS1f and 

TS4c.  Overall, a mechanistic scenario in which TS1f is the exclusive rate-limiting 

transition state would provide the most reasonable explanation for both the magnitude of 

the experimentally determined rate constant and the observed fragment branching 

percentages. 

 A final difficulty with Scheme 3.1 from the standpoint of experimental observation 

is the inability to detect the formation of Ni(CO)+ in addition to Ni(CH3OH)+.  Although 

calculations suggest that loss of neutral CH3OH to form Ni(CO)+ is higher in energy than 

the loss of neutral CO by ~2,000 cm-1 (Figures 3.7, 3.8), it is nonetheless surprising that 

Ni(CO)+ is not an observable product fragment.  This is unusual because in all previous 

SPIDRR studies to date, Ni(CO)+ constitutes a major product channel.  Thus, while it is 

possible that the dipole moment of CH3OH simply facilitates stronger binding of Ni+ 

relative to CO, it is also possible that the product fragment identified as Ni(CH3OH)+ 

through mass assignment is in fact a different fragment isobaric to Ni(CH3OH)+.  If such 
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is the case, however, formation of this alternative fragment would have to be controlled by 

surmounting TS1f to avoid the difficulties already discussed concerning Scheme 3.1. 

 

       

Scheme 3.2 Another proposed reaction mechanism for the unimolecular dissociation of Ni(CH3COOH)+ 

featuring a common hydrogen transfer step leading to all product fragments.  The features of this mechanism 

are established from both SPIDRR experimental results and computation. 
 

 

 The calculated PES indicates such a possible alternative fragment (Figures 3.7, 3.8).  

Note that after surmounting TS1f, the system falls into a shallow intermediate well 

corresponding to a tricoordinated structure with CH2, H2O, and CO ligands (Min1f).  This 
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intermediate then rearranges with very little energy through TS2f to form CH2CO by 

bringing together the CH2 and CO ligands, resulting in the production of 

Ni(CH2CO)(H2O)+.  But it is possible that the motion involved in bringing together the 

CH2 and CO ligands could also result in the loss of neutral CO, which would instead lead 

to the formation of Ni(CH2)(H2O)+—a fragment isobaric with Ni(CH3OH)+.  It is therefore 

possible that Ni(CH2)(H2O)+ is the product fragment previously identified as 

Ni(CH3COH)+.  Although this may seem to be an unreasonable suggestion considering the 

small energy requirement needed to move from Min1f to the Ni(CH2CO)(H2O)+ 

intermediate cluster, it should be pointed out that: (1) although dissociation of CO should 

be energetically inaccessible considering the Ni(CO)+ binding has been determined at 

14,599 cm-1,115 it is likely much lower in Min1f due to the presence of the other ligands; 

(2) dissociation of CO should be a barrierless process, making it entropically preferred 

compared to surmounting TS2f; (3) Ni(CH2)(H2O)+ is only a minor product channel, 

indicating that formation of Ni(CH2CO)(H2O)+ is still the preferred pathway; (4) this 

scenario would explain why Ni(CO)+ is not experimentally detected; and finally (5), the 

formation of Ni(CH2)(H2O)+ is able to provide a reactive scenario consistent with TS1f as 

the sole rate-limiting transition state, which appears to provide the best overall explanation 

of the experimental data. 

 By taking these considerations into account, an alternative reaction mechanism for 

the Ni+ mediated dissociation of acetic acid is proposed in Scheme 3.2.  This mechanism 

is identical to Scheme 3.1 except that product formation now proceeds exclusively through 

a hydrogen transfer process from Min3c to form Min1f (k5) which then leads to the 

generation of all product fragments.  Once again, the differential rate equations associated 
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with this mechanism can be solved to provide a model to simulate the SPIDRR data (see 

Appendix).  The results of this simulation are provided in Figure 3.9 where it is evident 

that Scheme 3.2 is capable reproducing the experimental data when k5 is assumed to be the 

rate-limiting step. 

 It is intriguing that the calculated PES at the PBEPBE/cc-pVDZ level of theory 

appears to provide a reasonable description of the reaction mechanism in almost every 

respect other than Ni(CH3OH)+ fragment production.  However, it is still possible that 

methanol formation is a reactive channel, but higher in energy than the present level of 

theory indicates.  To investigate this possibility further, coupled-cluster (CC) corrections 

were performed on several critical point structures to provide more accurate knowledge 

of the reaction PES.  The results of these corrections are shown in Figure 3.11. 

 The CC calculations indicate that the reaction mechanism may be quite different 

from that proposed in either Schemes 3.1 or 3.2.  To begin with, Ni+ is predicted to activate 

acetic acid exclusively through C-O bond insertion.  Second, the formation of 

Ni(CH2CO)(H2O)+ is now predicted to result from a hydrogen transfer step from the C-O 

inserted intermediate Min1c instead of from the tricoordinated intermediate Min3c, which 

means the formation of Ni(CH2)(CO)+ is no longer a possibility.  Furthermore, the CC 

calculations clearly indicate that energy barriers leading to Ni(CH3OH)+ formation are 

much closer relative to barriers leading to Ni(CH2CO)(H2O)+ formation.  Among other 

things, this could potentially explain why Ni(CH2CO)+/Ni(H2O)+ are the major product 

channels.  Finally, since the absolute energetic requirements for all fragment production is 

predicted to be higher, the internal energy of the system may be near both transition state 

barriers at all energies studied.  This suggests the rate constants to surmount TS1e and 
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TS2c may both increase gradually in the energy range studied experimentally, which could 

explain the invariance of the observed fragment branches percentages as a function of 

energy. 

 

 

Figure 3.11. The computed PES at the UCCSD(T)/def2-TZVP//PBEBE/cc-pVDZ level of theory.  The 

energy requirements for the formation of Ni(CH2CO)(H2O)+ and Ni(CH3OH)(CO)+ are much closer than in 

the PBEPBE calculations. 
 

 

 Unfortunately, the absolute energies of the CC corrected structures do appear to be 

somewhat exaggerated, such that if they were strictly correct, no SPIDRR fragmentation 

should be observed since the absorbed laser photon would not provide sufficient energy to 

the Ni(CH3COOH)+ cluster to overcome these reaction barriers.  It must therefore be the 

case that the CC calculations only account for relative barrier heights.  Consequently, 

determining the energy difference between the internal energy of the cluster and the 

transition state barrier can only be speculative.  This combined with the fact that vibrational 

frequencies were too expensive to be obtained for the corrected structures means RRKM 
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calculations cannot be performed to aid in the analysis of the recomputed PES.  Thus, in 

the absence of these calculations, another possible reaction mechanism must be considered 

which is shown in Scheme 3.3. 

 

  

Scheme 3.3. A final proposed mechanism for the unimolecular dissociation of Ni(CH3COOH)+ suggested by 

the coupled-cluster corrected calculations. 

 

 

 The mechanism proposed in Scheme 3.3 shows Ni+ activating acetic acid 

exclusively through C-O bond insertion to form Min1c (k1).  From this inserted 

intermediate, a hydrogen transfer from the methyl to the hydroxyl group leads directly to 
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the formation of the Ni(CH2CO)(H2O)+ intermediate cluster (k3), which in turn leads to 

Ni(CH2CO)+/Ni(H2O)+ production upon loss of either neutral fragment.  The formation of 

Ni(CH3OH)+ also results from Min1c through rearrangement to Min3c followed by C-O 

bond coupling and loss of neutral CO (k2).  As with the preceding mechanisms, the 

differential equations associated with Scheme 3.3 can be solved to provide a kinetic model 

to simulate the experimental SPIDRR data (see Appendix).  This simulation is shown in 

Figure 3.9.  Under the assumption that depletion of the Min1c population constitutes the 

rate-limiting process in the reaction mechanism, the model derived from Scheme 3.3 

provides a good fit of the experimental data. 

 But although Scheme 3.3 is viable mechanism in terms of modeling the SPIDRR 

data, there are still difficulties with it.  First, judging solely from the relative energy barriers 

shown in Figure 3.13, Ni(CH3OH)+ should be the major product channel since TS2c is the 

lowest energy transition state.  Second, it is still difficult to assume that the rate constants 

associated with surmounting TS2c (k2) and TS1e (k3) are merely changing slowly at 

roughly the same rate to explain both the modest energy dependence of the experimentally 

observed rate constant (Figure 3.5), as well as the product branching percentages (Figure 

3.6), even though RRKM calculations are not available to discount this possibility.  Third, 

like Scheme 3.1, Scheme 3.3 does not explain the inability to experimentally detect 

Ni(CO)+ formation.  Unfortunately, these objections do not constitute a definitive proof 

against the possibility of Scheme 3.3, and it must be regarded as a viable mechanism with 

the available information. 
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Conclusion 

 

 Experimental and computational data has been presented concerning the Ni+ 

mediated dissociation of acetic acid which appears to be consistent with two reaction 

mechanisms—namely, Schemes 3.2 and 3.3.  In Scheme 3.2, Ni+ can activate either the C-

C or C-O bond of acetic acid to form the respective inserted intermediates Min1b and 

Min1c which then rearrange to form a tricoordinated structure Min3c.  The rate-limiting 

process governing the overall reaction dynamics is a hydrogen transfer from Min3c leading 

to the observed product fragment channels.  In Scheme 3.3, Ni+ activates only the C-O 

bond of acetic acid to form the inserted intermediate Min1c.  From Min1c, a hydrogen 

transfer can lead to the formation of Ni(CH2CO)+/Ni(H2O)+, or a rearrangement to Min3c 

followed by C-O bond coupling leads to Ni(CH3OH)+ production.  These two competitive 

processes together constitute the rate-limiting step in Scheme 3.3.  Both Schemes provide 

kinetic models which can be used to simulate the experimental SPIDRR data adequately.  

It must therefore be concluded that both are possible reaction mechanisms describing 

Ni(CH3COOH)+ dissociation. 

 However, there does appear to be a simple experimental test to distinguish between 

these two mechanisms.  Since Scheme 3.2 involves a single rate-limiting hydrogen transfer 

leading to all fragment channels, whereas Scheme 3.3 involves a hydrogen transfer that is 

competitive with rearrangement and subsequent formation of Ni(CH3OH)+, deuterium 

substitution of acetic acid could in principle distinguish between these two scenarios.  If 

the methyl hydrogens of acetic acid were exchanged with deuteriums, for instance, then 

Scheme 3.2 would predict the product fragment branching percentages should be 

unaffected since a single hydrogen transfer step leads to all observed fragments.  In 
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contrast, Scheme 3.3 would predict that a change in the fragment branching percentages 

would be expected since a deuterium transfer should slow the rate Ni(CH2CO)+/Ni(H2O)+ 

formation relative to Ni(CH3OH)+ formation, resulting in Ni(CH3OH)+ constituting a larger 

portion of the overall fragment signal.  Thus, using the SPIDRR technique to study the Ni+ 

mediated dissociation of deuterium labeled isotopologues of acetic acid could provide 

further insight into the reaction dynamics which may permit a more definitive conclusion 

regarding the reaction mechanism governing this system.  These studies were indeed 

performed, and the results will be presented in the following chapter. 

 Finally, the observation of apparent non-statistical reaction kinetics (Figure 3.10) 

may be an important factor in characterizing the unimolecular dissociation of 

Ni(CH3COOH)+ clusters.  It is possible that non-statistical behavior could explain the 

discrepancy between the experimentally observed fragment branching percentages and 

those suggested by computation.  But the reasons for this apparent non-statistical behavior 

and its possible implications are not well understood at the present.  It is tempting to 

speculate, however, whether non-statistical effects are an important factor contributing to 

transition metal catalysis.  If catalysts are somehow capable of sequestering energy into 

one reaction pathway, for instance, then product selectivity may not be governed by relative 

barrier heights on the reaction PES. 
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CHAPTER FOUR 

 

Further Investigation into the Mechanism of the Ni+ Mediated Dissociation of Acetic 

Acid by Studying Deuterated Isotopologues of Acetic Acid using the SPIDRR Technique 

 

 

Introduction 

 

 One of the most valuable experimental chemical kinetic techniques is the use of 

isotopic substitution to alter the dynamics of a chemical transformation.116-118 The various 

effects that can result from isotopic substitution on a reacting system are collectively 

referred as kinetic isotope effects (KIEs) and are typically defined as the ratio of the 

unsubstituted rate constant to the isotopically substituted rate constant.  When utilized 

carefully, KIEs can provide detailed information regarding a chemical reaction, and often 

in ways that can allow a particular mechanism to be distinguished from other competing 

interpretations.  As an example, consider the SPIDRR measurements of the Ni+ mediated 

dissociation of both acetone and d6-acetone to form Ni(CO)+ shown in Figure 4.1.69 This 

reaction was previously studied using the kinetic energy release distribution (KERD) 

technique which indicated that the rate-limiting step in the reaction mechanism most likely 

corresponded to Ni+ insertion into the C-C bond.119 However, the SPIDRR results of d6-

acetone dissociation reveal a large KIE that can most easily be explained if the rate-limiting 

step in the mechanism corresponds to a post-insertion, methyl-shift which becomes slower 

due to the presence of the more massive deuterium nuclei.  This finding has since been 

supported by high level computation.120 In this way, the SPIDRR study of acetone and its 

d6-isotopologue illustrates how a KIE can help elucidate features of the reaction 

mechanism. 
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Figure 4.1. SPIDRR measurements of the Ni+ mediated dissociation of acetone and d6-acetone.  The KIE of 

5 indicates that the rate limiting step in the reaction mechanism is a methyl-shift. (Adapted from ref. 69) 
 

 

 Although modern computational methods have revealed the presence of novel KIEs 

that preclude simple classification,121,122 there are nonetheless two major categories that 

remain conceptually useful in all cases.33,34 These two categories are designated as primary 

or secondary KIEs depending on whether or not the isotopically substituted atom comprises 

the reaction coordinate.  For example, the reaction CH3D  CH3 + D would constitute a 

primary KIE relative to the reaction CH4  CH3 + H since the isotopically substituted atom 

comprises the reaction coordinate in this case.  In contrast, the reaction C2D6  2CD3 

would constitute a secondary KIE relative to the reaction C2H6  2CH3 since the 

isotopically substituted atoms are not directly involved in the C-C bond rupture. 

 In terms of chemical kinetic theory, the two most important factors to consider 

when assessing how KIEs can alter the reaction dynamics involves the effect of isotopic 

substitution on the activation energy of the reaction in question, as well the change in the 
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number of states accessible to the reactant and transition state.  In the context of RRKM 

theory, the latter is essentially a question of how the sum and density-of-states changes 

upon isotopic substitution.33,34 In general, the reaction rate will decrease when either the 

activation energy of the reaction increases, or the number of states accessible to the reactant 

increases relative to the transition state.  Primary KIEs tend to increase the activation 

energy of a reaction, while secondary KIEs increase the number of states available to the 

reactant molecule.33 

 Both of these effects result primarily through changes in the vibrational frequency 

of the chemical bond involving the isotope.  For instance, in the most common scenario of 

isotopic substitution involving deuterium exchange for hydrogen, the more massive 

deuterium nuclei lower the frequencies of their respective bonds, as well as the frequencies 

of any auxiliary modes that may be present.  Accordingly, the zero-point energy of the 

deuterated molecule is lowered relative the unsubstituted molecule.  For a primary 

deuterium KIE, this zero-point energy lowering results in a higher activation energy for a 

reaction since the isotopically substituted atom comprises the reaction coordinate, thereby 

removing one deuterium bond from the zero-point energy of the transition state.  For a 

secondary deuterium KIE, the reactant and transition state contain the same number of 

deuterium bonds and the activation energy is therefore relatively unaffected.   However, 

for a microcanonical system, the lower vibrational frequencies also result in an increase in 

the number of states available to the system at a given energy relative to the unsubstituted 

system.  This increase applies to both the reactant and the transition state, but because the 

reactant has more energy available to it (E) compared to the transition state (E-E0), the 

increase in the number of states is typically much larger for the reactant, resulting in a 
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larger increase in the density-of-states compared to the sum-of-states.33 Since the RRKM 

rate constant (eq. 1.19) is proportional to the ratio of these two quantities, an overall 

decrease in the reaction rate is expected for secondary KIEs. 

 

 

Figure 4.2.  The predicted effect of deuterium substitution on the Ni(acetic acid)+ reaction dynamics in the 

case that Scheme 3.3 is the correct mechanism.  The end result is that production of Ni(methanol)+ formation 

should increase with the respect to the formation of Ni(ketene)+ and Ni(H2O)+. 
 

 

 These general concepts can be applied to the mechanistic question posed in the 

previous chapter concerning the Ni+ mediated dissociation of acetic acid.  Recall that the 

results of that study were unable to differentiate between two possible mechanistic 

scenarios—Schemes 3.2 and 3.3.  In Scheme 3.2, product fragment production resulted 

from a single hydrogen transfer step; whereas in Scheme 3.3, formation of 

Ni(CH2CO)+/Ni(H2O)+ results from a hydrogen transfer which is competitive with 

rearrangement and subsequent C-O bond coupling to form Ni(CH3OH)+.  It was therefore 
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noted that for Scheme 3.3 deuterium substitution of the methyl hydrogens could alter the 

competition between Ni(CH2CO)+/Ni(H2O)+ formation relative to Ni(CH3OH)+ 

production.  We may now develop this scenario further. 

 Figure 4.1 illustrates the predicted effect of isotopic substitution on the Ni+ 

mediated dissociation of acetic acid for a fully deuterated acetic acid molecule reacting 

according to Scheme 3.3.  Since the competition between Ni(CD2CO)+/Ni(D2O) formation 

and Ni(CD3OD)+ formation proceed from the same C-O inserted intermediate Min1c, both 

pathways will be equally affected by the increase in the density-of-states of Min1c.  

However, the activation energy for the deuterium transfer pathway to form 

Ni(CD2CO)+/Ni(D2O)+ should also increase because of the absence of a C-D bond in TS1e, 

resulting in a smaller zero-point energy lowering of TS1e compared to Min1c.  

Furthermore, the absence of this additional C-D bond should result in a more modest 

increase in the sum-of-states of TS1e compared to TS2c which possesses three C-D bonds 

and one O-D bond.  One would therefore predict that the cumulative effect of isotopic 

substitution should shift the competition in favor of Ni(CD3OD)+ production if Scheme 3.3 

is the correct reaction mechanism.  Conversely, if no change in the fragment branching 

percentages is observed, that would strongly discredit Scheme 3.3 in favor of Scheme 3.2 

as the correct mechanism. 

 The following chapter presents the results of SPIDRR measurements of three 

deuterated isotopologues of acetic acid—CD3COOD (D4), CH3COOD (H3D), and 

CD3COOH (D3H).  This was done for the purpose of elucidating the reaction mechanism 

governing the Ni+ mediated dissociation of acetic acid presented in the previous chapter.  

The results of these experiments collectively confirm that Scheme 3.2 is the most likely 
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reaction mechanism governing the Ni+ mediated dissociation of acetic acid.  In addition, 

evidence of unique Ni+ mediated H/D scrambling was observed in the CD3COOH (D3H) 

system. 

 

Methods 

 

Experimental 

 

 In this study, Ni(CD3COOD)+ (D4), Ni(CH3COOD)+ (H3D), and Ni(CD3COOH)+ 

(D3H) precursor clusters were generated in the high-vacuum expansion chamber in 

independent experiments.  A Parker series 9 general pulse valve was attached to a high-

pressure helium line seeded with the vapor pressure of an acetic acid isotopologue.  The 

valve then pulsed the contents of this line through a gaseous metal vapor created by 

directing pulsed, focused 532 nm radiation from an Nd:YAG laser onto a 1/4”, 200 nickel 

rod (>98% purity).  This resulted in the formation of deuterated Ni(acetic acid)+  clusters 

which were rapidly cooled through numerous collisions with the expansion gas, resulting 

in a supersonic expansion.  The relative timing between the trigger commands to the pulse 

valve and vaporization laser was optimized to ensure maximal formation of precursor 

clusters within the molecular beam. 

The molecular beam is skimmed twice as it moves through the 79 cm of field-free 

space comprising the expansion region before entering a Wiley-McLaren type orthogonal 

accelerator (OA) located at the entrance of the TOFMS.  The OA was pulsed from ground 

to +1.75 kV to redirect positively charged species within the molecular beam into the 

TOFMS.  Mass separation occurs as the ion packet traverses the 1.8 m field-free region of 

the TOFMS before entering a hemispherical electrostatic sector which is selective for 

kinetic energy.  To collect mass spectra, the potential across to two halves of the 
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electrostatic sector was set to transmit ions with the kinetic energy imparted by the OA, 

allowing the full ion beam to reach a Chevron microchannel plate detector according to 

their mass dependent arrival times.  Characteristic mass spectra of the Ni(CD3COOD)+, 

Ni(CH3COOD)+, and Ni(CD3COOH)+ systems are shown in Figure 4.3. 

 

 

Figure 4.3.  Characteristic mass spectra of A) the Ni(CD3COOD)+ (D4) system, B) the Ni(CH3COOD)+ 

(H3D) system, and C) the Ni(CD3COOH)+ (D3H) system. 
 

 

Sector potential scans were performed on each of the deuterated acetic acid systems 

by first setting the activation laser to intercept the molecular beam at the same time as the 

trigger to pulse the OA (τ = 0) in order to generate maximal LID fragment signal; the 

potential across the two halves of the electrostatic sector was then scanned between 

experimental sequences. The result was a plot showing product fragment transmission 

through the electrostatic sector as a function of the sector voltage.  Product fragment 

intensities were quantified by fitting each product fragment peak with a Gaussian function 

which was integrated to yield to the peak area.  The product fragment branching percentage 
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was determined as the percent ratio of each product fragment peak area relative to the total 

fragment area. 

 SPIDRR measurements of Ni(D3COOD)+, Ni(CH3COOD)+, and Ni(CD3COOH)+ 

cluster dissociation were performed by first selecting the sector transmission voltage for a 

specific product fragment mass, and then systematically increasing the relative time delay, 

τ, between trigger values to fire the OA and activation laser.  The resulting SPIDRR 

waveforms were then analyzed to extract mechanistic information governing product 

formation with the internal energy of the cluster approximated by the interrogating photon 

energy. 

 

Theory 

 

 Vibrational frequencies and energies of the critical point structures determined for 

the Ni+ mediated dissociation of acetic acid at the PBEPBE/cc-pVDZ level of theory105-107 

were recomputed for each isotopologue of acetic acid used in this study.  Electronic 

structure calculations were performed with Gaussian 09.111 These recomputed energies and 

vibrational frequencies were then used as input parameters to perform RRKM 

calculations.112 

Results 

 

 The results of sector potential scans of each deuterated isotopologue of acetic acid 

are presented in Figure 4.4 along with a sector scan of the Ni(CH3COOH)+ (H4) system.  

All scans were collected by activating the precursor cluster population with a 16,000 cm-1 

laser photon.  It is apparent from Figure 4.4 that the product fragment branching 

percentages do not change appreciably between each isotopologue studied.  This data 

therefore indicates that Scheme 3.3 is not the reaction mechanism governing 
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Ni(CH3COOH)+ dissociation and that Scheme 3.2 should instead be regarded as a more 

suitable mechanism.  Consequently, the identity of the Ni(CH4O)+ fragment is most likely 

Ni(CH2)(H2O)+ as opposed to Ni(CH3OH)+. 

 

 

Figure 4.4. Product fragment branching percentages determined from sector potential scans for an activating 

photon energy of 16,000 cm-1.  The branching percentages are approximately equal across all isotopologues 

studied.  An estimated 5% error is associated with each percentage shown. 
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 However, a slightly more complicated story is suggested by the SPIDRR 

measurements shown in Figure 4.5 where the kinetic waveforms acquired for each 

isotopologue are presented.  The results show remarkably different kinetic signatures 

among the isotopologues for an activating photon energy of 16,000 cm-1.  Furthermore, as 

was the case in the H4 system, SPIDRR measurements of the remaining fragment channels 

in each system show identical kinetic signatures, although only the dissociation into 

Ni(ketene)+ is shown in Figure 4.5.  While this observation is consistent with Scheme 3.2, 

the SPIDRR waveforms seem to indicate that an entirely new reaction mechanism may be 

necessary to explain the dynamics of the deuterated acetic acid systems. 

 

 

Figure 4.5. SPIDRR measurements for the Ni+ mediated dissociation of acetic acid and three deuterium 

substituted isotopologues.  Each panel is labeled according to the degree of deuterium substitution and 

provides the microcanonical decomposition rate constant(s) measured at a system internal energy of (16000 

cm-1). 
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 A single exponential function is fit to the measurements in panels H4, H3D, and D4 

as a simple basis of comparison, with the extracted rate constants shown in the middle of 

the panel.  Taking the ratio of rate constants for the D4 and H4 systems suggests a 

maximum KIE of approximately 27.  In contrast, the measurement shown in the D3H panel 

instead requires a biexponential fit where the two extracted rate constants are also shown.  

The biexponential dissociation of the CD3COOH isotopologue is especially peculiar since 

it implies that two intermediate structures with remarkably different lifetimes are 

responsible for the observed fragment signal in this system.  The biexponential fit also 

indicates that these two intermediates provide roughly equal contributions to the signal 

intensity. 

 

 

Figure 4.6. A pre-equilibrium model to determine the competition between Ni+ activation of either the C-C 

or C-O bond of acetic acid:  A) the calculated PES at the PBEPBE/cc-pVDZ level of theory (energies in cm-

1);  B) the kinetic model derived from the PES; and C) the predicted competition between C-O vs. C-C bond 

activation determined by calculating the elementary steps shown in B) using RRKM theory. 
 

 

For the H4 kinetic simulations shown in chapter three (Figure 3.9), the simulations 

were invariant to the competition between Ni+ activation of either the C-C or C-O bond of 
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acetic acid.  But the biexponential SPIDRR measurements observed in the D3H system 

indicate that this competition may be an important factor in interpreting the reaction 

dynamics of the deuterated systems.  A simple pre-equilibrium kinetic model123,124 was 

therefore derived to determine this competition.  The details of this model are illustrated in 

Figure 4.6, where the energetic requirements of Ni+ insertion into the C-O and C-C bonds 

of acetic acid is shown along with isomerization barriers to the ECE and ECZ precursor 

configurations.  Since the isomerization barriers are much lower in energy than barriers to 

either Ni+ bond insertion steps, full equilibration between the isomer wells is expected prior 

to the insertion events.  This can be modeled with the kinetic scheme shown in Figure 4.6 

where it is assumed that kZiso, kEiso >> kCC, kCO.  Using critical point energies and vibrational 

frequencies calculated for each isotopologue, the microcanonical rate constants for each 

elementary step was computed to determine the competition between C-O and C-C bond 

activation (see Appendix). 

Interestingly, the competition between C-C and C-O bond activation appears to 

favor primarily C-O activation at 16,000 cm-1 for all isotopologues.  This result can be 

understood on the basis that both Ni+ insertion processes are secondary KIEs and for that 

reason are equally affected by deuterium substitution.  This means the biexponential kinetic 

signature observed in the D3H system cannot be explained by simply invoking equal 

competition between C-C and C-O bond activation and then making the further assumption 

that the respective inserted intermediates dissociate to product fragments with disparate 

lifetimes.  In any event, however, the results of Figure 4.6 do provide additional insight 

into the reaction dynamics of the Ni+ mediated dissociation of acetic acid which can be 

used to model the SPIDRR measurements shown in Figure 4.5. 
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Discussion 

 

 The observation that fragment branching percentages remain unchanged upon 

deuterium substitution provides strong evidence to discredit Scheme 3.3 as a possible 

reaction mechanism.  While this would appear to immediately confirm Scheme 3.2 as the 

correct mechanism, the SPIDRR measurements shown in Figure 4.5 indicate that 

deuterium labeling can affect the reaction dynamics in unexpected ways.  At first glance, 

these results seem rather disconnected and even appear to rule out the possibility of a single 

mechanistic scenario encompassing all four systems.  However, if Scheme 3.2 is the correct 

reaction mechanism, it must provide an interpretation of the deuterium labeled kinetics. 

 The following discussion will aim to demonstrate that the results of the deuterium 

labeled SPIDRR measurements can be consistently interpreted from the standpoint of 

Scheme 3.2.  To show this, however, it will be necessary to model each system successively 

and then use the details acquired from the previous analysis to aid in the interpretation of 

the remaining systems.  As we shall see, this procedure will allow an overall picture of the 

reaction mechanism to emerge from the deuterium labeled results which is not only 

consistent with those of the H4 study, but also provides additional insights into the reaction 

dynamics.  We will begin by analyzing the results of the H3D system, followed by the D4 

system.  The results of these two systems will then provide cumulative information to 

interpret the D3H system, which is both the most unique of the isotopically labeled systems 

studied, as well as the most complicated. 

 Furthermore, since Scheme 3.3 may be disregarded at this point, the coupled-cluster 

corrected calculations (Figure 3.11) may also be disregarded in favor of the PBEPBE 

calculations (Figures 3.7, 3.8, and 4.6) which appear to provide a more accurate depiction 
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of the reaction PES.  For this reason, predicted KIEs determined from RRKM theory will 

be used to aid the analysis of the deuterium labeled kinetics. 

 

H3D 

 

 The SPIDRR kinetics observed in the H3D system indicate that the lifetime of a 

Ni(CH3COOD)+ precursor cluster activated by a 16,000 cm-1 laser photon is increased 

relative to the Ni(CH3COOH)+ cluster by a factor of roughly 7.  In general, this means that 

the rate of some elementary step in the reaction mechanism decreases substantially because 

of the presence of a deuterium atom on the hydroxyl oxygen.  Our task therefore is to 

identify which process in the proposed reaction mechanism (Scheme 3.2) is most likely to 

be affected by deuterium substitution in this manner. 

 The simplest interpretation of the H3D SPIDRR data would be to assume that the 

same process which rate-limits the H4 system also rate-limits the H3D system—namely, a 

hydrogen transfer from the tricoordinated intermediate Min3c (k5).  But this interpretation 

would require that deuterium substitution of the hydroxyl hydrogen causes the rate of an 

unsubstituted methyl hydrogen transfer to decrease substantially.  This would constitute a 

secondary KIE, however, and it is difficult to envision how this step would be significantly 

impeded in the H3D system since the presence of the O-D bond should not increase the 

density-of-states of Min3c to such an extent that the overall rate decreases by a factor of 7.  

In fact, RRKM calculations suggest this step should exhibit an inverse KIE, meaning that 

the rate of this process is predicted to increase compared to the H4 system.  Consequently, 

it is unlikely that the rate-limiting process observed in the H3D SPIDRR data is a hydrogen 

transfer from Min3.  We must therefore conclude that some other elementary step in the 

reaction mechanism must become rate-limiting in this H3D system. 
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 Referring back to Scheme 3.2, the remaining possibilities for a rate-limiting step 

are the initial Ni+ bond insertion processes (k1 and k2) or a subsequent rearrangement from 

either inserted intermediate to form Min3c (k3 and k4).  However, since both Ni+ insertion 

steps are also secondary KIEs, the rate of these processes are unlikely to be affected by 

deuterium substitution for the reasons already mentioned, which is again confirmed by 

RRKM calculations.  Thus, we are left with the rearrangement events as the most likely 

candidates for a rate-limiting step.  Furthermore, since the pre-equilibrium calculations 

suggest C-C activation is only a small contribution to the observed signal (Figure 4.6), the 

rate-limiting process observed in the H3D system must be rearrangement of Min1c to form 

Min3c (k4). 

 The predicted KIE for k4 relative to the H4 system is only k4(H3D)/k4(H4) = 0.95 

assuming the rates are given by surmounting the highest energy barrier on the reaction PES 

(TS2c, Figure 3.7).  This clearly suggests k4 is not the rate-limiting process observed in the 

H3D system.  However, recall from Figure 3.7 that formation of Min3c from Min1c 

proceeds through a relatively shallow basin on the PES involving large amplitude motion 

of the hydroxyl group.  As a result, the dynamics of this process are likely not adequately 

described by simply calculating the RRKM rate constant for surmounting the highest 

energy barrier on this portion of the PES.  It is therefore conceivable that deuterium 

substitution can increase the lifetime of this rearrangement process in a manner consistent 

with experimental observation. 

 For these reasons, the most plausible interpretation of the H3D SPIDRR data is that 

deuterium substitution of the hydroxyl hydrogen reduces k4 to such an extent that it 

becomes the rate-limiting step observed in the SPIDRR kinetic waveform (Figure 4.5).  
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Figure 4.7 therefore presents the results of a kinetic simulation of the H3D SPIDRR 

waveform under this assumption using the kinetic model derived from Scheme 3.2.  In this 

simulation, the fragment signal is ‘deconvoluted’ into contributions arising from the C-O 

activation pathway (k2  k4  k5) and the C-C activation pathway (k1 k3  k5).  It was 

determined that an optimum fit of the data could be acquired with k4 = 3.6 x 104 s-1.  

Furthermore, the ratio of k2/k1 = 12 was set according to the C-O/C-C competition 

determined from RRKM calculations (Figure 4.6), and k5 was set according to the predicted 

inverse KIE of 2.2 x 107 s-1.  The large inverse KIE causes the rate of fragment production 

along the C-C pathway to exceed the detection limit of the instrument assuming that k5 is 

the rate-limiting step on this pathway. 

 

 

Figure 4.7. Kinetic simulation of the H3D SPIDRR data using Scheme 3.2.  Relative delay values are in μs. 

 

 

 The overall interpretation of the H3D SPIDRR data resulting from the simulation 

shown in Figure 4.7 is that the experimentally observed fragment signal can be understood 

to arise principally from the C-O activation pathway where the rate of forming Min3c (k4) 
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is reduced by deuterium substitution of the hydroxyl hydrogen.  This is followed by a fast 

hydrogen transfer leading to all observed products (k5).  For this reason, there is not a direct 

experimental KIE which can be ascribed to the H3D SPIDRR data since different rate-

limiting steps are observed in the H3D and H4 systems. 

 

D4 

 

 The SPIDRR kinetics observed in the D4 system indicate that the lifetime of a 

Ni(CD3COOD)+ precursor cluster activated by a 16,000 cm-1 laser photon is increased 

relative to the Ni(CH3COOH)+ cluster by a factor of roughly 27, as determined from the 

single exponential fits shown in Figure 4.5.  However, at this point we have found that such 

a simple comparison between SPIDRR measurements is unwarranted.  Furthermore, the 

D4 SPIDRR data shows that the observed fragment signal is relatively flat for relative delay 

values less than ~50 μs (Figure 4.5).  As a result, the single exponential fit is clearly 

inadequate to model this portion of the data.  A more suitable fit must therefore be found 

before assessing any KIEs present in the D4 system. 

 To begin with, the rounding in the D4 SPIDRR data can be understood as a 

consequence of instrument sampling discussed in chapter two.  Recall that the observed 

SPIDRR fragment signal is equal to the number of product fragments generated in the field-

free region of TOFMS as a function of the relative delay time, τ, between firing the 

activation laser and accelerating the ion packet into the TOFMS.  The fragment signal, S, 

as function of τ is therefore given by: 

   𝑆(𝜏) = ∫ 𝑑𝑃 = 𝑘 ∫ 𝐼(𝑡)𝑑𝑡
(𝜏+𝛼+∆)

(𝜏+𝛼)

(𝜏+𝛼+∆)

(𝜏+𝛼)
                                  (4.1) 
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Where P is the product population, I(t) is the rate law of the intermediate that generates 

product with a microcanonical rate constant k, and the integration limits encompass the 

photoactivated cluster population’s traversal of the field-free region of the TOFMS.  Eq. 

4.1 therefore implies that the SPIDRR fragment signal as a function of 𝜏 will have the same 

functional form as the intermediate rate law multiplied by a constant. 

 To illustrate the significance of this, consider the simple unimolecular mechanism 

𝐴
𝑘1
→ 𝐼

𝑘2
→ 𝑃 which has the associated differential rate equations: 

   
𝑑𝐴

𝑑𝑡
= 𝑘1𝐴          (4.2a) 

       

   
𝑑𝐼

𝑑𝑡
= 𝑘1𝐴 − 𝑘2𝐼         (4.2b) 

And, 

 

   
𝑑𝑃

𝑑𝑡
= 𝑘2𝐼         (4.2c) 

 

Subsequent integration of eqs. 4.2a, b leads to the familiar integrated rate laws: 

   𝐴(𝑡) = 𝐴0
−𝑘1𝑡          (4.3a) 

 

And, 

   𝐼(𝑡) =
𝑘1𝐴0

(𝑘2−𝑘1)
(𝑒−𝑘1𝑡 − 𝑒−𝑘2𝑡)        (4.3b) 

 

In the context of a SPIDRR experiment, A0 represents the number of photoactivated 

precursor clusters generated by photon absorption, A(t) specifies the precursor population 

at time t, and I(t) specifies the intermediate population at time t, where time is measured 

with respect to the initiation of the reaction—i.e., t = 0 corresponds to triggering the 

activation laser.  In addition, k1 represents the microcanonical rate constant governing 

formation of intermediate I from precursor A, and k2 is the microcanonical rate constant 

governing dissociation of I into product P.  Eq. 4.3b can therefore be substituted into eq. 

4.2c to define the rate of change of the product population as: 
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𝑑𝑃

𝑑𝑡
=

𝑘1𝑘2𝐴0

(𝑘2−𝑘1)
(𝑒−𝑘1𝑡 − 𝑒−𝑘2𝑡)                      (4.4) 

 

 Integration of eq. 4.4 over the time interval encompassing cluster traversal of the 

field-free region of the TOFMS yields: 

   ∫ 𝑑𝑃 = 𝑘2 ∫ 𝐼(𝑡)𝑑𝑡 =
(𝜏+𝛼+∆)

(𝜏+𝛼)

(𝜏+𝛼+∆)

(𝜏+𝛼)
      

   
𝑘1𝑘2𝐴0

(𝑘2−𝑘1)
∫ (𝑒−𝑘1𝑡 − 𝑒−𝑘2𝑡)
(𝜏+𝛼+∆)

(𝜏+𝛼)
𝑑𝑡        (4.5a) 

 

Which evaluates and reduces to: 

    𝑆(𝜏) =
𝑘1𝑘2𝐴0

(𝑘2−𝑘1)
[𝑏𝑒−𝑘1𝜏 − 𝑐𝑒−𝑘2𝜏]           (4.6) 

 

Where the terms 𝑏 =
1

𝑘1
(𝑒−𝑘1𝛼)(1 − 𝑒−𝑘1∆) and c = 

1

𝑘2
(𝑒−𝑘2𝛼)(1 − 𝑒−𝑘2∆) are simply 

constants which depend on the acceleration time through the OA (α) and cluster time-of-

flight through the field-free region (Δ).  Thus, the observed SPIDRR fragment signal as 

function of τ for a system governed by the mechanism 𝐴
𝑘1
→ 𝐼

𝑘2
→ 𝑃 has the same functional 

form as eq. 4.3b.  To illustrate the appearance of eq. 4.6, Figure 4.8 shows of plot of eq. 

4.6 for a hypothetical system with k1 = 3.0 x 104 s-1 and k2 = 1.5 x 104 s-1. 

 It is readily apparent that if k1 << k2, eq. 4.6 will be approximated by: 

   𝑆(𝜏) ≈ 𝑘1𝐴0𝑏𝑒
−𝑘1𝜏        (4.7a)  

 

Which means that the observed fragment signal will have the functional form of eq. 4.3a 

in the limit that the rate of formation of the intermediate is much slower than its subsequent 

dissociation to generate product fragments.  Conversely, if k1 >> k2, eq. 4.6 will instead be 

approximated by: 

   𝑆(𝜏) ≈ 𝑘2𝐴0𝑐𝑒
−𝑘2𝜏         (4.7b) 

 

Which again has the form of a single exponential decay function, except that k2 is now the 

rate-limiting rate constant observed in the SPIDRR measurement because the rate of 
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intermediate dissociation is now much slower than the rate of intermediate formation.  

Thus, we can anticipate that the SPIDRR signal intensity as a function of τ will only have 

the appearance of eq. 4.6 when k1 ≈ k2. 

 

 

Figure 4.8. Plot of eq. 4.6 as a function the relative delay, τ, for k1 = 3.0 x 104 s-1 and k2 = 1.5 x 104 s-1.  The 

functional form resembles an intermediate rate law with an initial increase in the fragment signal followed 

by gradual decay. The ability of the SPIDRR technique to observe fragment kinetic waveforms like eq. 4.6 

is a result of its unique method of instrument sampling. 
 

 

 In returning to the D4 SPIDRR data (Figure 4.5), it can now be understood that the 

functional form of the D4 kinetic waveform has the same general appearance as eq. 4.6.  

This indicates that a slow intermediate formation process is followed by a slow 

intermediate dissociation process in the D4 system.  Furthermore, we have already 

established from the H3D system that a slow rearrangement process is expected upon 

deuterium substitution of the hydroxyl hydrogen in going from Min1c to Min3c (k4) which 

should obviously affect the D4 system.  Thus, from Scheme 3.2, we find that the only 

remaining step following this slow rearrangement is a hydrogen transfer from Min3c (k5).  

In the D4 system, however, k5 should correspond to the rate constant associated with 

transfer of a deuterium atom, which can be expected to significantly reduce the rate of this 
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process.  We may therefore simulate the D4 SPIDRR data under the assumption that k4 

will be of comparable magnitude to that observed in the H3D system, followed by a slow 

deuterium transfer step.  Figure 4.9 displays the results of this kinetic simulation. 

 

 

Figure 4.9. Kinetic simulation of the D4 SPIDRR data using Scheme 3.2.  Relative delay values are in μs. 
 

 

 Figure 4.9 shows that an optimum fit of the D4 SPIDRR data can be obtained using 

the model derived from Scheme 3.2 with k2/k1 = 14, k4 = 3.8 x 104 s-1, and k5 = 1.4 x 104 

s-1.  Once again, the k2/k1 ratio was set according to the C-O/C-C competition predicted by 

RRKM theory (Figure 4.6).  However, the optimized value for k4 is almost exactly equal 

to the value obtained from the H3D simulation and strongly suggests that the slow 

intermediate formation process in the D4 system is the same process which rate-limits the 

H3D system—namely, rearrangement of Min1c to form Min3c.  But the overall rate-

limiting step in the D4 system is the deuterium transfer from Min3c leading to the 
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formation of all products (k5).  The optimum value of k5 was found to be 1.4 x 104 s-1 which 

can be directly compared to the H4 system, yielding an experimentally determined primary 

KIE of k5(H4)/k5(D) = 19. 

 RRKM calculations predict that the KIE for k5 should be 37 at an internal energy 

of 16,000 cm-1.  However, recall from Figure 3.10 that RRKM calculations showed the 

best agreement between experiment and theory in the H4 system at an internal energy of 

16,500 cm-1.  For this reason, the predicted KIE for k5 at 16,500 cm-1 was also determined 

and found to be 17, which is in good agreement with the experimental KIE of 19.  This 

supports the identification of the overall rate-limiting process observed in the D4 system 

with a deuterium transfer from Min3c, which becomes slower due to a primary KIE.  

Furthermore, the fact that a better agreement with experiment is achieved with RRKM 

theory using an internal energy of 16,500 cm-1 suggests that the apparent non-statistical 

behavior observed in the H4 system may also be present in the deuterium substituted 

systems. 

 The overall interpretation of the D4 SPIDRR data is that the fragment signal arises 

principally from the C-O activation pathway where slow rearrangement of Min1c to form 

Min3c (k4) is followed by a slow deuterium transfer step from Min3c to generate all product 

fragments (k5).  Furthermore, because k4 ≈ k5, the observed SPIDRR waveform has the 

general form of eq. 4.6.  It is therefore the combination of the slow formation of Min3c and 

its subsequently slow dissociation that together result in the substantially increased lifetime 

of the Ni(CD3COOD)+ cluster compared to the Ni(CH3COOH)+ cluster (Figure 4.5).  

Finally, in the absence of any information concerning how deuterium substitution affects 

the rearrangement of the C-C inserted intermediate Min1b (k3), this step is assumed to be 
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fast compared to k5.  The signal generated from the C-C activation pathway therefore has 

the form of a single exponential function which decays with a rate constant of k5.  This 

provides a modest contribution to the overall fragment signal for τ < 100 μs which makes 

the total fragment signal appear slightly flatter in this region than the C-O activation 

pathway alone and allows for a slightly better fit of the data. 

 

D3H 

 

 Undoubtedly the most complicated of the deuterium labeled isotopologues is the 

D3H system due to presence of the biexponential SPIDRR waveform (Figure 4.5).  

However, the analysis of both the H3D and D4 systems has furnished some important 

details of the reaction dynamics that can aid in the interpretation of the D3H system 

considerably.  First, we can now anticipate that a deuterium transfer from Min3c (k5) will 

result in a large primary KIE, which can be anticipated in the D3H system due to the 

presence of the deuterium substituted methyl group.  This expectation leads us immediately 

to identify the slow component of the biexponential waveform as the slow deuterium 

transfer from Min3c leading to the generation of all fragments.  Furthermore, since the 

D3H system does not have a deuterium atom present on the hydroxyl group, the rate of 

Min3c formation (k4) should no longer be substantially reduced as it was in both the H3D 

and D4 systems.  This means the D3H fragment signal should decay more rapidly as a 

function of τ compared to the D4 system even though the same deuterium transfer process 

is involved in both systems, which is consistent with observation.  Thus, the slow 

component of the D3H biexponential waveform can be easily explained using the results 

of the H3D and D4 analysis.  Rather, it is the fast component which presents interpretive 

challenges. 
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 Simply put, the most difficult aspect in interpreting the fast component of the D3H 

SPIDRR data is that its presence indicates that product formation takes place via a process 

which is more rapid than deuterium atom transfer from Min3c (k5).  For this reason, the 

fast component clearly cannot be identified with k5 and must instead be some prior step in 

Scheme 3.2.  However, every prior step in this mechanism should be rate-limited by k5 in 

the event that k5 is the slowest step in the generation of product fragments, which should 

obviously apply to the fast component.  But unfortunately, this means that under no 

circumstances can this fast component be identified with an earlier step in Scheme 3.2 

either.  In other words, there is no explanation for the fast component of the D3H SPIDRR 

waveform in the current mechanistic scheme, and we are thereby forced to consider other 

factors that may be influencing the reaction dynamics. 

 The single most important experimental observation in terms of deciding which 

mechanistic scenario could best explain the D3H data is that this fast component is present 

in the kinetic signatures of all product fragment channels in the D3H system, which 

indicates that this fast component must serve as a rate-limiting step leading to the 

generation of all product fragments.  In this respect, whatever mechanistic scenario is 

necessary to explain this fast component, it must be a process similar to the slow deuterium 

transfer from Min3c (k5) in that it also leads to the production all product fragments.  

Furthermore, the magnitude of this fast component appears to be comparable to the H4 

SPIDRR data where a hydrogen transfer from Min3c constitutes the rate-limiting step 

(Figure 4.5).  Therefore, if a mechanistic scenario could be proposed that would involve a 

hydrogen transfer from Min3c in addition to a deuterium transfer, then an explanation of 
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the D3H data may be possible.  This could occur in the event that H/D scrambling takes 

place prior to the formation of Min3c. 

     

Scheme 4.1. A proposed mechanism for the Ni+ mediated dissociation of CD3COOH (D3H) acetic acid.  This 

mechanism includes the possibility of H/D scrambling. 

 

 

 Scheme 4.1 presents a modification of Scheme 3.2 involving H/D scrambling.  In 

the absence of any information concerning this proposed scrambling process, it would 
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appear that the most likely scenario would involve H/D scrambling at some point during 

the rearrangement of the inserted intermediates Min1b and Min1c, resulting in the 

formation of the scrambled tricoordinated intermediate Min3cs (k6 and k7) instead of 

Min3c.  Min3cs could then facilitate a fast hydrogen transfer through TS1fs (k8) leading 

the formation of all observed product fragments.  This would provide an explanation for 

the fast component present in the D3H data.  However, if the rearrangement of Min1b and 

Min1c occurs without a scrambling event to form Min3c (k3 and k4), a deuterium transfer 

from Min3c (k5) then provides the slow component in the D3H data. 

 It should be noted, of course, that Scheme 4.1 is not the only mechanism that can 

be proposed which involves H/D scrambling.  Another possible explanation would involve 

the assumption that H/D scrambling occurs during cluster formation in the expansion 

chamber of the instrument in such a way that equal populations of Ni(CD3COOH)+ and 

Ni(CD2HCOOD)+ are formed in the molecular beam.  If both populations are then 

photoexcited by the activation laser and react according to the Scheme 3.2, this would 

presumably explain the fast and slow components of the observed fragment signal.  

However, there are several difficulties with this hypothesis.  First, it would require that any 

scrambling events occurring during cluster formation would be limited to intramolecular 

processes since the mass spectra (Figure 4.2) demonstrates that only a single precursor 

cluster mass is present in the molecular beam in the D3H system.  Second, this scrambling 

event would have to occur in such a way that equal populations of the Ni(CD3COOH)+ and 

Ni(CD2HCOOD)+ clusters are formed, which would appear to be unlikely.  Finally, we 

have already seen that the presence of a deuterium atom on the hydroxyl oxygen causes a 

slow rearrangement of Min1c (k4), and because this is not observed in the D3H SPIDRR 
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data, we may rule out the possibility that initial photoexcitation of Ni(CD2HCOOD)+ in 

any way contributes to the observed fragment signal. 

 Consequently, we must assume that H/D scrambling occurs either: (1) following 

rearrangement of the inserted intermediates from Min3c, or (2) at some point during the 

rearrangement of Min1b and Min1c in such a way that it does not substantially alter the 

rate of these rearrangement steps.  Concerning the first possibility, if H/D scrambling takes 

place from Min3c prior to the formation of Min1f, then it is difficult to explain how product 

formation could occur with two dramatically different rates if H and D motion are facile 

enough from Min3c to scramble.  As such, considering the available evidence, Scheme 4.1 

seems to be the most reasonable mechanism allowing for the possibility of scrambling by 

specifying that it occurs at some point during the rearrangement of Min1b and Min1c.  

However, the precise dynamic details of this scrambling process are not known at present. 

 

 

Figure 4.10. Kinetic simulation of the D3H data using Scheme 4.1.  Relative delay values are in μs. 
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 The differential rate equations associated with Scheme 4.1 can be solved to model 

the D3H SPIDRR data (see Appendix).  Like previous kinetic simulations, this model 

explicitly considers instrument sampling.  Figure 4.10 presents the results of this kinetic 

simulation where the total fragment signal is comprised of four components: C-O 

unscrambled (k2  k4  k5), C-C unscrambled (k1  k3  k5), C-O scrambled (k2  k7 

 k8), and C-C scrambled (k1  k6  k8).  Furthermore, the overall competition between 

the C-O and C-C pathways is specified by k2/k1 = 13.8 according to the RRKM predictions 

(Figure 4.6). 

 It should be noted that the subsequent competition between rearrangement and 

scrambling (k3/k6 and k4/k7) is somewhat arbitrary in the sense that various configurations 

of these rate constants can simulate the data.  For instance, the simulation shown in Figure 

4.10 assumes the competition between scrambling and rearrangement along the C-C 

activation pathway favors primarily rearrangement to form Min3c (k3/k6 = 4.1) followed 

by a slow deuterium transfer (k5).  This configuration was selected because the simplest 

assumption that can be made about the scrambling process is that it is competitive with 

rearrangement.  Consequently, since there is no evidence of a substantial KIE associated 

with rearrangement of Min1b to form Min3c (k3), it is conceivable that the rate of this 

process is sufficiently fast to prevent scrambling from occurring.  However, the opposite 

scenario—where scrambling is favored over rearrangement—can simulate the data as well.  

As a result, the relative contribution between C-C unscrambled and C-C scrambled 

pathways to the total signal should be regarded as a free parameter with little physical 

significance.  Fortunately, the overall contribution to the fragment signal from C-C 

activation is minor, and the value of k3/k6 therefore does not alter the simulation 
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considerably.  In contrast, the competition between scrambling and rearrangement along 

the C-O pathway must be near the values shown in Figure 4.10 to simulate the data (k4/k7 

= 0.75).  Thus, scrambling appears to occur readily along the C-O pathway which may be 

related to the large amplitude motion of the hydroxyl group during the rearrangement 

process (Figure 3.7). 

 The two rate-limiting steps in the kinetic simulation therefore correspond to a 

deuterium transfer from Min3c with an optimized value of k5 = 1.9 x 104 s-1 and a hydrogen 

transfer from Min3cs with an optimized value of k8 = 1.5 x 104 s-1, which provides a good 

overall fit of the biexponential SPIDRR data.  As predicted, the optimized value of k5 is 

comparable to the deuterium transfer observed in the D4 system.  Furthermore, both k5 and 

k8 may be compared directly with the H4 SPIDRR data to yield experimental KIEs of 16.4 

and 2.9, respectively.  The predicted KIEs calculated from RRKM theory for an internal 

energy of 16,000 cm-1 are 17.7 for k5 and 3.85 for k8.  At 16,500 cm-1, the predicted values 

are 9.5 for k5 and 2.5 for k8.  Thus, the predicted KIE values at both energies are in good 

agreement with the experimentally determined KIEs, suggesting that Scheme 4.1 is 

essentially correct in terms of identifying the rate-limiting processes governing 

Ni(CD3COOH)+ dissociation. 

 Thus, the D3H SPIDRR data can be interpreted by invoking an H/D scrambling 

process that likely occurs at some point during the rearrangement of the C-O inserted 

intermediate Min1c (k7), resulting in the formation of both scrambled (Min3cs) and 

unscrambled tricoordinated intermediates (Min3c).  Min3cs facilitates a comparatively fast 

hydrogen transfer from the methyl to the hydroxyl group leading the formation of all 

product fragments with a rate constant of k8 = 9.3 x 104 s-1.  In contrast, Min1c facilitates 
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a comparatively slow deuterium transfer leading to the formation of all product fragments 

with a rate constant of k5 = 1.9 x 104 s-1.  Both of these processes together result in the 

biexponential SPIDRR fragment signal.  In addition, it is possible that scrambling can 

occur along the C-C activation pathway, but the competition between rearrangement and 

scrambling (k3/k6) is only speculative.  Once again, the dynamic explanation for how H/D 

scrambling is occurring is unknown.  In addition, it is also unknown why scrambling only 

appears to influence the dynamics of the D3H system and not the H3D system.  Finally, it 

should be pointed out that Scheme 4.1 is only a modification of the general reaction 

mechanism proposed in Scheme 3.2.  The D3H SPIDRR data is therefore consistent with 

the data acquired for the previous acetic acid isotopologues. 

 

Conclusion 

 

 Taken together, the SPIDRR data acquired for the deuterium labeled isotopologues 

of acetic acid provide strong cumulative evidence to conclude that Scheme 3.2 is the most 

suitable reaction mechanism describing the Ni+ mediated dissociation of acetic acid at the 

energies studied with SPIDRR.  In this way, the present study highlights beautifully the 

unique capabilities of the SPIDRR technique toward the study of transition metal cation 

bound organic cluster reactions.  However, several questions obviously remain concerning 

certain features of the Ni(acetic acid)+ dynamics, such as the unique H/D scrambling 

observed in the D3H system, as well as the apparently non-statistical energy dependence 

of the microcanonical rate constant observed in the H4 system.  This latter feature may also 

be present in the deuterium labeled systems, as evinced by the predicted KIEs.  In order to 

investigate this possibility further, however, SPIDRR measurements of the deuterium 

labeled systems at additional activating photon energies is required.  In this respect, 
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preliminary data on the D3H system indicates that the energy dependence of this system 

may also be non-statistical. 

 More generally, this study highlights the importance of a combined effort between 

experiment and theory in elucidating reaction dynamics of complex systems.  For instance, 

the experimental observations provide strong evidence to suggest that the calculated 

reaction PES does not correctly predict the competition between Ni(ketene)+/Ni(water)+ 

formation and Ni(methanol)+ formation.  Why this is the case would be an interesting study 

on the part of computational chemists.  However, it must also be said that apart from 

theoretical calculations, the experimental SPIDRR data could not have been interpreted.  

Simply put, the computed PES provides an adequate description of most other features of 

the reaction mechanism which facilitated an interpretation of the experimental 

observations.  It is therefore the collaboration between experiment and theory that permits 

a deeper understanding of chemical reactivity than either experiment or theory alone. 
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CHAPTER FIVE 

 

Miscellaneous Systems Studied with the SPIDRR Technique 

 

 

Introduction 

 

 The results of three additional SPIDRR studies will be presented.  The first body of 

work is a completed study of the Ni+ mediated dissociation of propionaldehyde.  This study 

is significant because the experimental observations necessitated a more precise 

understanding of the SPIDRR technique.  As such, the findings of this study served as the 

basis for many of the advances made in characterizing the SPIDRR technique presented in 

this dissertation.  The second and third studies presented in this chapter are the preliminary 

results of the Ni+ mediated dissociation of diethyl ether and the Co+ mediated dissociation 

of acetaldehyde.  Both systems display unique reaction dynamics which the current 

understanding of the SPIDRR technique will likely prove adequate to interpret. 

 

The Ni+ Mediated Dissociation of Propionaldehyde 

 

 The SPIDRR technique was performed on Ni(C3H6O)+ precursor clusters generated 

in the laser vaporization cluster source of the instrument to generate Ni(CO)+ product 

fragments.72 Figure 5.1 presents the results of these SPIDRR measurements obtained across 

a series of activating photon energies.  The unusual feature of this data set is that the 

experimentally determined microcanonical rate constants initially displayed the expected 

energy dependence by increasing from k(16,400 cm-1) = 1.0 x 105 s-1  to k(17,100 cm-1) = 

1.9 x 105 s-1 (panels A and B).  But the rate constant is then observed to decrease with 

energy to k(18,800 cm-1) = 1.4 x 105 s-1 (panel C) before again resuming expected behavior 
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by increasing to k(19,600 cm-1) = 2.7 x 105 s-1 (panel D).  This observation was unusual 

because the microcanonical rate constant should only increase with energy according to 

RRKM theory.  The experimental observation that the microcanonical rate constant can 

somehow decrease in the energy range being studied was therefore highly counterintuitive. 

 

 

Figure 5.1. SPIDRR measurements of Ni(C3H6O)+ dissociation across a range of activating photon energies.  

The measured product fragment is Ni(CO)+.  Exponential decay functions were fit to the SPIDRR data and 

microcanonical rate constants were extracted. (Adapted from ref. 72) 
 

 

 Computational exploration of the reaction PES governing Ni(C3H6O)+ dissociation 

suggested a potential explanation of the SPIDRR data by confirming the presence of 

parallel competitive reaction pathways beginning with Ni+ insertion into either the C-H or 

C-C bond of propionaldehyde (Figure 5.2).  Furthermore, these pathways had the unique 

property that the initial C-H insertion process was lower in energy compared to the C-C 
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insertion step, but the overall rate-limiting barrier along the C-H activation pathway was 

roughly 1,000 cm-1 higher in energy compared to the rate-limiting barrier of the C-C 

pathway.  This meant that even though the initial competition between C-H vs. C-C bond 

activation favored the C-H pathway; at lower energies, the major contribution to the 

observed fragment signal can still be expected come from the C-C pathway due to the lower 

rate-limiting barrier.  It is only at higher energies that the C-H activation pathway should 

contribute substantially to the observed signal.  This suggested the observed energy 

dependence of the experimental rate constant could be explained as a transition between 

the observed fragment signal arising principally from the C-C pathway at lower energies 

to the fragment signal instead arising from the C-H pathway as the photon energy is 

increased. 

 

 

Figure 5.2. Reaction PES for the Ni+ mediated dissociation of propionaldehyde computed at the 

UCCSD(T)/def2-TZVP//PBEPBE/cc-pVDZ level of theory.  Computed structures at critical locations along 

the PES are indicated.  SR, EC, TS, INT, and SP stand for the separated reactants, encounter complex, 

transition states, intermediates, and separated products, respectively. (Adapted from ref. 72) 
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 This interpretation of the SPIDRR data meant that the observed microcanonical rate 

constants extracted at the lowest photon energies could be identified primarily with the 

microcanonical rate constant governing fragment production along the C-C pathway 

(Figure 5.3).  Thus, plotting the experimental rate constants as a function of energy and 

then fitting the lowest energy data points with the calculated RRKM rate constant 

governing the C-C pathway (RRKMCC) demonstrated that the transition between observing 

C-C vs. C-H fragment signal begins at ~17,000 cm-1, where the experimental rate constant 

starts to deviate from the value predicted for the C-C pathway alone. 

 

 

Figure 5.3. Plot of the measured rate constants with respect to the laser energy used to initiate the Ni+ 

mediated dissociation of propionaldehyde.  (Adapted from ref. 72) 
 

 

 It is important to note, however, that the rate of fragment production along the C-C 

pathway continues to increase with energy above 17,000 cm-1 despite the fact that the 

experimental rate constant is observed to decrease.  This is possible because the 

experimental rate constant is extracted from the convoluted fragment signal produced by 

both the C-C and C-H pathways in this energy regime, and it is this convolution that results 
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in the apparent inverse energy dependence of the rate constant governing Ni(C3H6O)+ 

dissociation.  Moreover, the rate of fragment production along the C-C pathway increases 

rapidly above 17,000 cm-1 such that it is predicted to exceed the detection limit of the 

instrument at approximately 18,200 cm-1, which correlates with the sudden drop in the 

observed rate constant.  Consequently, above 18,200 cm-1 the observed rate constant can 

be identified exclusively with the C-H activation pathway, and these data points may 

therefore be fit with the calculated RRKM rate constant governing the C-H pathway 

(RRKMCH).  Finally, by extrapolating the RRKM calculations to k(E) = 0, the transition 

state energy barriers governing the C-C and C-H pathways were determined as 14,350 ± 

600 cm-1 and 15400 ± 600 cm-1, respectively.  This relative energy difference between the 

C-C and C-H pathways is in good agreement with that predicted by Figure 5.2. 

 The results of the Ni+ mediated dissociation of propionaldehyde demonstrate the 

unique dependence of the observed SPIDRR fragment signal on the magnitude of the 

microcanonical rate constant (Figure 2.6).  This was the first SPIDRR study to indicate this 

was an important factor of instrumental data acquisition. 

 

The Ni+ Mediated Dissociation of Diethyl Ether 

 

 The dependence of the observed SPIDRR fragment signal on the rate constant has 

direct bearing on the current study of the Ni+ mediated dissociation of diethyl ether.  Photon 

activation of Ni(C4H10O)+ precursor clusters is found to result in the generation of three 

product fragments—Ni(CH3CH2OH)+, Ni(C2H4)
+, and C4H9O

+.  A sector potential scan 

shown in Figure 5.4 indicates that Ni(C2H5OH)+ is the major product channel in this 

system, with Ni(C2H4)
+ and C4H9O

+ constituting a combined ~25% of the observable 

SPIDRR signal. 
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Figure 5.4. A sector potential scan of product fragments generated from Ni(C4H10O)+ dissociation with an 

activating photon energy of 16,000 cm-1.  Integrated peak areas indicate product branching percentages of 

75% for Ni(CH3CH2OH)+, 12% for Ni(C2H4)+, and 13% for C4H9O+ with an estimated 5% error. 

 

 

 However, SPIDRR measurements of each fragment channel (Figure 5.5) indicate 

that while both Ni(CH3CH2OH)+ and Ni(C2H4)
+ formation are rate-limited by the same 

process, C4H9O
+ formation has a larger associated rate constant which suggests it proceeds 

through a different rate-limiting process.  This observation is unique because it is the first 

example of SPIDRR fragments that are formed through different rate-limiting steps.  This 

also indicates that the product branching percentages determined from sector potential 

scans are not an unbiased measure of the competition between Ni(C2H5OH)+/Ni(C2H4)
+ 

and C4H9O
+ formation since the contribution to the fragment signal from C4H9O

+ will be 

decreased relative to the contribution of Ni(C2H5OH)+/Ni(C2H4)
+ by a factor of roughly 2 

(Figure 2.6).  Thus, C4H9O
+ formation constitutes a larger portion of the actual fragments 
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generated by photon activation which is not is not reflected in the observed fragment signal 

due to its dependence on the magnitude of the rate constant.  This finding is consistent with 

preliminary calculations suggesting that C4H10O
+ formation is the lowest energy process. 

 

 

Figure 5.5.  SPIDRR measurements of Ni(C4H10O)+ dissociation with an activating photon energy of 

16,000 cm-1. 

 

 

 The observation that Ni(C4H10O)+ dissociation results in the production of product 

fragments with different rates of formation would have previously caused a significant 

challenge in the interpretation of this system.  Fortunately, the understanding of the 

SPIDRR technique has advanced to the point where this feature can be explained and 

properly accounted for with further analysis. 
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The Co+ Mediated Dissociation of Acetaldehyde 

 

 The SPIDRR technique is also currently being used to study the Co+ mediated 

dissociation of acetaldehyde to form Co(CO)+.  Figure 5.6 shows SPIDRR measurements 

of Co(C2H4O)+ dissociation at two activating photon energies.  The most interesting feature 

of this system is the unusual biexponential kinetic waveforms observed at energies below 

15,500 cm-1.  Recall, however, that the Ni+ mediated dissociation of the D3H isotopologue 

of acetic acid also showed biexponential kinetics which resulted from product generation 

occurring from two pathways.  Preliminary calculations show that two pathways to 

Co(CO)+ formation are indeed present, and it is likely that at energies above 15,500 cm-1 

one of these pathways exceeds the detection limit of the instrument such that only single 

exponential kinetics is observed.  Furthermore, the small energy range over which this 

pathway becomes unobservable indicates a rapid increase in the rate constant, which is 

characteristic of tunneling reactions in microcanonical systems.  In any case, the experience 

garnered from previous SPIDRR studies will likely prove decisive in the interpretation of 

the Co+ mediated dissociation of acetaldehyde. 

 

 

Figure 5.6. SPIDRR measurements of Co(C2H4O)+ dissociation to form Co(CO)+ with an activating photon 

energy of 16,000 cm-1 and 14,705 cm-1. 
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Conclusion 

 

 Significant progress has now been made in the characterization of the SPIDRR 

technique which is facilitating the interpretation of unique reaction scenarios observed in 

studies currently in progress.  This represents an exciting stage in the development of the 

SPIDRR technique where the understanding of experimental observations garnered 

through previous studies is now allowing more difficult systems to be successfully 

undertaken. 
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CHAPTER SIX 

 

General Conclusions 

 

 

 The purpose of this dissertation has been to introduce the SPIDRR technique and 

demonstrate its unique capabilities in the study of transition metal cation bound organic 

cluster reactions.  It has been shown that the development of the SPIDRR technique has 

reached a stage where data acquired from complex reactions can now be simulated in a 

manner consistent with instrumental response.  This in turn has permitted the use of 

detailed reaction mechanisms in the analysis and subsequent interpretation of SPIDRR 

data.  These new analytical capabilities have allowed the most advanced study to date—a 

mechanistic investigation of the Ni+ mediated dissociation of acetic acid—to be 

successfully completed.  In addition, the current understanding of the SPIDRR technique 

will undoubtedly help complete several studies now in progress. 

 But there remain several areas of research that could improve the SPIDRR 

technique considerably.  First, the use of numerical methods is likely the only practical way 

to perform simulations of SPIDRR data using more complex reaction mechanisms.  These 

more detailed simulations will likely be necessary to provide deeper insight into reaction 

dynamics, as well as facilitating a greater physical understanding of features observed in 

kinetic waveforms.  Similarly, more work needs to be done concerning the quantification 

of error in SPIDRR experiments.  Simple data fitting based on minimization of residuals 

where several optimizable parameters are involved does not provide precise information 

regarding error associated with each parameter.  For this reason, more sophisticated 
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methods of data analysis need to be developed.  Finally, in several cases more advanced 

theoretical treatments for comparison with SPIDRR data is necessary.  The use of semi-

classical or direct dynamic trajectories, for example, could help determine whether non-

statistical reaction dynamics are involved in the Ni+ mediated dissociation of acetic acid.  

The combination of these advanced dynamic calculations and SPIDRR observations will 

provide important information concerning the nature of transition metal mediated catalysis.  

In addition, more advanced theoretical descriptions of the initial photoactivation of 

M(organic)+ clusters are needed. 

 In closing, the SPIDRR technique represents a highly unique method in the 

investigation of gas-phase ion-molecule reactions.  The purpose of this technique is to help 

provide high level experimental measurements necessary to advance our understanding of 

the chemical dynamics governing transition metal cation bound organic cluster systems.  

Through careful investigation of these systems, it is hoped that the SPIDRR technique will 

not only further our understanding of this special class of reactions, but also add to our 

knowledge of chemical dynamics more generally.  In this way, it is believed SPIDRR will 

ultimately contribute to the centuries long scientific quest to understand matter and its 

transformations.  The progress which has been made in the development of the SPIDRR 

technique over the past several years is a promising indication for the future of this novel 

method. 
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APPENDIX 

 

Kinetic Models 

 

 

Kinetic Model for Scheme 3.1 

 

 In chapter three, kinetic simulations were presented using a model derived from 

Scheme 3.1.  The details of this derivation are shown using the generalized reaction 

mechanism presented in Scheme A.1. 

 

 

Scheme A.1. A generalized kinetic mechanism of Scheme 3.1. 

 

 

The differential rate equations associated with Scheme A.1 are the following: 

  
𝑑𝐴

𝑑𝑡
= −(𝑘1 + 𝑘2)𝐴 = −𝑘12𝐴         (A.1) 

  
𝑑𝐵

𝑑𝑡
= 𝑘1𝐴 − 𝑘3𝐵          (A.2) 

  
𝑑𝐶

𝑑𝑡
= 𝑘2𝐴 − 𝑘4𝐶          (A.3) 

  
𝑑𝐷

𝑑𝑡
= 𝑘3𝐵 + 𝑘4𝐶 − (𝑘5 + 𝑘6)𝐷 = 𝑘3𝐵 + 𝑘4𝐶 − 𝑘56𝐷     (A.4) 

  
𝑑𝐸𝑆𝑆

𝑑𝑡
= 𝑘6𝐷 − (𝑘7 + 𝑘8)𝐸𝑆𝑆 = 𝑘6𝐷 − 𝑘78𝐸𝑆𝑆 = 0    (A.5a) 
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  𝐸𝑆𝑆 =
𝑘6

𝑘78
𝐷         (A.5b) 

  
𝑑𝑃1

𝑑𝑡
= 𝑘5𝐷           (A.6) 

  
𝑑𝑃2

𝑑𝑡
= 𝑘7𝐸𝑆𝑆 =

𝑘6𝑘7

𝑘78
𝐷          (A.7) 

  
𝑑𝑃3

𝑑𝑡
= 𝑘8𝐸𝑆𝑆 =

𝑘6𝑘8

𝑘78
𝐷          (A.8) 

Where the steady-state assumption was applied to species ESS.  Sequential integration of 

eqs. A.1-4 results in the following rate laws: 

  𝐴(𝑡) = 𝐴0𝑒
−𝑘12𝑡        (A.11) 

  𝐵(𝑡) =
𝑘1𝐴0

(𝑘3−𝑘12)
(𝑒−𝑘12𝑡 − 𝑒−𝑘3𝑡)      (A.12) 

  𝐶(𝑡) =
𝑘2𝐴0

(𝑘4−𝑘12)
(𝑒−𝑘12𝑡 − 𝑒−𝑘4𝑡)      (A.13) 

 𝐷(𝑡) =
𝑘1𝑘3𝐴0

(𝑘3−𝑘12)
[

1

(𝑘56−𝑘12)
(𝑒−𝑘12𝑡 − 𝑒−𝑘56𝑡) −

1

(𝑘56−𝑘3)
(𝑒−𝑘3𝑡 − 𝑒−𝑘56𝑡)] 

 +
𝑘2𝑘4𝐴0

(𝑘4−𝑘12)
[

1

(𝑘56−𝑘12)
(𝑒−𝑘12𝑡 − 𝑒−𝑘56𝑡) −

1

(𝑘56−𝑘4)
(𝑒−𝑘4𝑡 − 𝑒−𝑘56𝑡)]    (A.14) 

Eq. A.14 can be then used to define eqs. A.6-8.  In general, integration of eqs. A.6-8 over 

the time interval corresponding to cluster traversal of the field-free region of the TOFMS 

adds multiplicative terms of the form 
1

𝑘
(𝑒−𝑘𝛼)(1 − 𝑒−𝑘𝛥) to the rate law preceding product 

formation – in this case eq. A.14.  We may therefore define the following quantities: 

  𝑙 =  
1

𝑘12
(𝑒−𝑘12𝛼)(1 − 𝑒−𝑘12𝛥)      (A.15) 

  𝑚 = 
1

𝑘56
(𝑒−𝑘56𝛼)(1 − 𝑒−𝑘56𝛥)      (A.16) 

  𝑛 =  
1

𝑘3
(𝑒−𝑘3𝛼)(1 − 𝑒−𝑘3𝛥)       (A.17) 

  𝑜 =  
1

𝑘4
(𝑒−𝑘4𝛼)(1 − 𝑒−𝑘4𝛥)       (A.18) 
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Using eqs. A.15-17, the observed SPIDRR fragment signal as a function of the relative 

delay τ for Scheme A.1 is given by: 

 𝑆(𝜏) = ∫
𝑑𝑃1,2,3

𝑑𝑡
𝑑𝑡 =

(𝜏+𝛼+∆)

(𝜏+𝛼)
𝑘5,

𝑘6𝑘7

𝑘78
,
𝑘6𝑘8

𝑘78
 × ∫ 𝐷(𝑡)𝑑𝑡 =

(𝜏+𝛼+∆)

(𝜏+𝛼)
  

 𝑘5,
𝑘6𝑘7

𝑘78
,
𝑘6𝑘8

𝑘78
 ×   

 
𝑘1𝑘3𝐴0

(𝑘3−𝑘12)
[

1

(𝑘56−𝑘12)
(𝑙𝑒−𝑘12𝜏 −𝑚𝑒−𝑘56𝜏) −

1

(𝑘56−𝑘3)
(𝑛𝑒−𝑘3𝜏 −𝑚𝑒−𝑘56𝜏)] 

 + 𝑘5,
𝑘6𝑘7

𝑘78
,
𝑘6𝑘8

𝑘78
 × 

 
𝑘2𝑘4𝐴0

(𝑘4−𝑘12)
[

1

(𝑘56−𝑘12)
(𝑙𝑒−𝑘12𝜏 −𝑚𝑒−𝑘56𝜏) −

1

(𝑘56−𝑘4)
(𝑜𝑒−𝑘4𝜏 −𝑚𝑒−𝑘56𝜏)]      (A.19) 

Where 𝛼 is defined as the time interval required for cluster traversal of the OA and ∆ is 

the precursor time-of-flight.  Note that only the magnitude of τ is considered in eq. A.19, 

which is typically defined as a negative quantity.  Thus, the observed fragment signal for 

Scheme A.1 is exponentially decreasing function of τ.  All simulations using eq. A.19 

were performed using 𝛼 = 3 μs and Δ = 37 μs. 

 

Kinetic Model for Scheme 3.2 

 

 In chapters three and four, kinetic simulations were performed using a model 

derived from Scheme 3.2.  The details of this derivation are shown using the generalized 

reaction mechanism Scheme A.2. 

 

 

Scheme A.2. A generalized kinetic mechanism of Scheme 3.2. 
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The differential rate equations associated with Scheme A.2 are the following 

  
𝑑𝐴

𝑑𝑡
= −(𝑘1 + 𝑘2)𝐴        (A.20) 

  
𝑑𝐵

𝑑𝑡
= 𝑘1𝐴 − 𝑘3𝐵        (A.21) 

  
𝑑𝐶

𝑑𝑡
= 𝑘2𝐴 − 𝑘4𝐶        (A.22) 

  
𝑑𝐷

𝑑𝑡
= 𝑘3𝐵 + 𝑘4𝐶 − 𝑘5𝐷       (A.23) 

  
𝑑𝐸

𝑑𝑡
= 𝑘5𝐷 − (𝑘6 + 𝑘7 + 𝑘8)𝐸 = 𝑘5𝐷 − 𝑘678𝐸    (A.24) 

  
𝑑𝑃1

𝑑𝑡
= 𝑘6𝐸         (A.25) 

  
𝑑𝑃2

𝑑𝑡
= 𝑘7𝐸         (A.26) 

  
𝑑𝑃3

𝑑𝑡
= 𝑘8𝐸         (A.27) 

Sequential integration of eqs. A.20-24 results in the following rate laws: 

  𝐴(𝑡) = 𝐴0𝑒
−𝑘12𝑡        (A.28) 

  𝐵(𝑡) =
𝑘1𝐴0

(𝑘3−𝑘12)
(𝑒−𝑘12𝑡 − 𝑒−𝑘3𝑡)      (A.29) 

  𝐶(𝑡) =
𝑘2𝐴0

(𝑘4−𝑘12)
(𝑒−𝑘12𝑡 − 𝑒−𝑘4𝑡)      (A.30) 

  

 𝐷(𝑡) =
𝑘1𝑘3𝐴0

(𝑘3−𝑘12)
[

1

(𝑘5−𝑘12)
(𝑒−𝑘12𝑡 − 𝑒−𝑘5𝑡) −

1

(𝑘5−𝑘3)
(𝑒−𝑘3𝑡 − 𝑒−𝑘5𝑡)] 

 +
𝑘2𝑘4𝐴0

(𝑘4−𝑘12)
[

1

(𝑘5−𝑘12)
(𝑒−𝑘12𝑡 − 𝑒−𝑘5𝑡) −

1

(𝑘5−𝑘4)
(𝑒−𝑘4𝑡 − 𝑒−𝑘5𝑡)]   (A.31) 

  

 

 

 



118 

 

𝐸(𝑡) = 

 
𝑘1𝑘3𝑘5𝐴0

(𝑘3−𝑘12)
{

1

(𝑘5−𝑘12)
[

1

(𝑘678−𝑘12)
(𝑒−𝑘12𝑡 − 𝑒−𝑘678𝑡) −

1

(𝑘678−𝑘5)
(𝑒−𝑘5𝑡 − 𝑒−𝑘678𝑡)] −

1

(𝑘5−𝑘3)
[

1

(𝑘678−𝑘3)
(𝑒−𝑘3𝑡 − 𝑒−𝑘678𝑡) −

1

(𝑘678−𝑘5)
(𝑒−𝑘5𝑡 − 𝑒−𝑘678𝑡)]} 

 + 
𝑘2𝑘4𝑘5𝐴0

(𝑘3−𝑘12)
{

1

(𝑘5−𝑘12)
[

1

(𝑘678−𝑘12)
(𝑒−𝑘12𝑡 − 𝑒−𝑘678𝑡) −

1

(𝑘678−𝑘5)
(𝑒−𝑘5𝑡 −

𝑒−𝑘678𝑡)] −
1

(𝑘5−𝑘4)
[

1

(𝑘678−𝑘4)
(𝑒−𝑘4𝑡 − 𝑒−𝑘678𝑡) −

1

(𝑘678−𝑘5)
(𝑒−𝑘5𝑡 − 𝑒−𝑘678𝑡)]} (A.32) 

Eq. A.32 can then be used to define A.25-27.  By defining the following terms: 

  𝑙 =  
1

𝑘12
(𝑒−𝑘12𝛼)(1 − 𝑒−𝑘12𝛥)     (A.33) 

  𝑚 = 
1

𝑘678
(𝑒−𝑘678𝛼)(1 − 𝑒−𝑘678𝛥)     (A.34) 

  𝑛 =  
1

𝑘5
(𝑒−𝑘5𝛼)(1 − 𝑒−𝑘5𝛥)      (A.35) 

  𝑜 =  
1

𝑘3
(𝑒−𝑘3𝛼)(1 − 𝑒−𝑘3𝛥)      (A.36) 

  𝑝 =  
1

𝑘4
(𝑒−𝑘4𝛼)(1 − 𝑒−𝑘4𝛥)      (A.37) 

The observed SPIDRR fragment signal as a function of 𝜏 can then be expressed as sum of 

two components: 

 𝑆(𝜏) = ∫
𝑑𝑃1,2,3

𝑑𝑡
𝑑𝑡 =

(𝜏+𝛼+∆)

(𝜏+𝛼)
𝑘6, 𝑘7, 𝑘8  × ∫ 𝐸(𝑡)𝑑𝑡

(𝜏+𝛼+∆)

(𝜏+𝛼)
 = 

 𝑆1(𝜏) + 𝑆2(𝜏)                   (A.38a) 

Where, 

 𝑆1(𝜏) = 𝑘6, 𝑘7, 𝑘8  × 

 
𝑘1𝑘3𝑘5𝐴0

(𝑘3−𝑘12)
{

1

(𝑘5−𝑘12)
[

1

(𝑘678−𝑘12)
(𝑙𝑒−𝑘12𝜏 −𝑚𝑒−𝑘678𝜏) −

1

(𝑘678−𝑘5)
(𝑛𝑒−𝑘5𝜏 −

𝑚𝑒−𝑘678𝜏)] −
1

(𝑘5−𝑘3)
[

1

(𝑘678−𝑘3)
(𝑜𝑒−𝑘3𝜏 −𝑚𝑒−𝑘678𝜏) −

1

(𝑘678−𝑘5)
(𝑛𝑒−𝑘5𝜏 −𝑚𝑒−𝑘678𝜏)]} 

                     (A.38b 
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 𝑆2(𝜏) = 𝑘6, 𝑘7, 𝑘8  × 

 
𝑘2𝑘4𝑘5𝐴0

(𝑘3−𝑘12)
{

1

(𝑘5−𝑘12)
[

1

(𝑘678−𝑘12)
(𝑙𝑒−𝑘12𝜏 −𝑚𝑒−𝑘678𝜏) −

1

(𝑘678−𝑘5)
(𝑛𝑒−𝑘5𝜏 −

𝑚𝑒−𝑘678𝜏)] −
1

(𝑘5−𝑘4)
[

1

(𝑘678−𝑘4)
(𝑝𝑒−𝑘4𝜏 −𝑚𝑒−𝑘678𝜏) −

1

(𝑘678−𝑘5)
(𝑛𝑒−𝑘5𝜏 −𝑚𝑒−𝑘678𝜏)]} 

                     (A.38c) 

All simulations using eq. A.38 were performed using 𝛼 = 3 μs and Δ = 37 μs. 

 

Kinetic Model for Scheme 3.3 

 

 In chapter three, kinetic simulations were performed using Scheme 3.3.  The 

details of this derivation are presented using the generalized reaction mechanism Scheme 

A.3. 

 

 

Scheme A.3. A generalized kinetic mechanism of Scheme 3.3. 

 

 

The differential equations associated with Scheme A.3 are the following: 

   
𝑑𝐴

𝑑𝑡
= −𝑘1𝐴        (A.39) 

   
𝑑𝐵

𝑑𝑡
= 𝑘1𝐴 − (𝑘2 + 𝑘3)𝐵 = 𝑘1𝐴 − 𝑘23𝐵    (A.40) 

   
𝑑𝐶

𝑑𝑡
= 𝑘3𝐵 − (𝑘4 + 𝑘5)𝐶𝑆𝑆 = 0              (A.41a) 
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   𝐶𝑆𝑆 =
𝑘3𝐵

𝑘45
                 (A.41b) 

   
𝑑𝑃1

𝑑𝑡
= 𝑘2𝐵        (A.42) 

   
𝑑𝑃2

𝑑𝑡
=
𝑘3𝑘4

𝑘45
𝐵        (A.43) 

   
𝑑𝑃3

𝑑𝑡
=
𝑘3𝑘5

𝑘45
𝐵        (A.44) 

Where the steady-state assumption was applied to species CSS.  Integration of eqs. A.39, 

40 results in the following integrated rate laws: 

   𝐴(𝑡) = 𝐴0𝑒
−𝑘1𝑡       (A.45) 

   𝐵(𝑡) =
𝑘1𝐴0

(𝑘23−𝑘1)
(𝑒−𝑘1𝑡 − 𝑒−𝑘23𝑡)     (A.46) 

By defining the following quantities: 

   𝑙 =  
1

𝑘1
(𝑒−𝑘1𝛼)(1 − 𝑒−𝑘1𝛥)          (A.45) 

   𝑚 = 
1

𝑘23
(𝑒−𝑘23𝛼)(1 − 𝑒−𝑘23𝛥)     (A.46) 

The SPIDRR fragment signal as a function of τ is given by: 

 𝑆(𝜏) = ∫
𝑑𝑃1,2,3

𝑑𝑡
𝑑𝑡 =

(𝜏+𝛼+∆)

(𝜏+𝛼)
𝑘2,

𝑘3𝑘4

𝑘45
,
𝑘3𝑘5

𝑘45
 × ∫ 𝐵(𝑡)𝑑𝑡 =

(𝜏+𝛼+∆)

(𝜏+𝛼)
 

 𝑘2,
𝑘3𝑘4

𝑘45
,
𝑘3𝑘5

𝑘45
 ×

𝑘1𝐴0

(𝑘23−𝑘1)
(𝑙𝑒−𝑘1𝜏 −𝑚𝑒−𝑘23𝜏)      (A.47) 

All simulations using eq. A.47 were performed with using 𝛼 = 3 μs and Δ = 37 μs. 

 

Pre-equilibrium Model 

 

 In chapter four, a pre-equilibrium model was used to determine the competition 

between C-O vs. C-C bond activation in the Ni+(acetic acid) system .  The details of this 

model are presented using the generalized reaction mechanism Scheme A.4. 
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Scheme A.4. A generalized kinetic mechanism of the kinetic scheme shown in Figure 4.4. 

 

 

The differential rate equations for this mechanism are the following: 

   
𝑑𝐴

𝑑𝑡
= −(𝑘1 + 𝑘4)𝐴 + 𝑘2𝐵      (A.48) 

   
𝑑𝐵

𝑑𝑡
= −(𝑘2 + 𝑘3)𝐵 + 𝑘1𝐴      (A.49) 

   
𝑑𝐶

𝑑𝑡
= 𝑘3𝐵        (A.50) 

   
𝑑𝐷

𝑑𝑡
= 𝑘4𝐴        (A.51) 

Ordinarily, exact analytical solutions to eqs. A.48-51 cannot be achieved using elementary 

techniques.  However, under conditions where 𝑘1, 𝑘2 ≫ 𝑘3, 𝑘4, we can assume that an 

initial equilibrium between A and B is established and that the decay of both species is 

proportional to the overall reaction rate.  That is, 

   𝑘1𝐴 = 𝑘2𝐵        (A.52) 

And, 

   −
𝑑𝐴

𝑑𝑡
= −

𝑑𝐵

𝑑𝑡
=
𝑑𝐶

𝑑𝑡
+
𝑑𝐷

𝑑𝑡
= 𝑂𝑣𝑒𝑟𝑎𝑙𝑙 𝑅𝑎𝑡𝑒    (A.53) 

Moreover, the mass balance equation for Scheme A.4 (assuming A and B are the only two 

species initially present) can be expressed as: 

   𝐴0 + 𝐵0 = 𝐴 + 𝐵 + 𝐶 + 𝐷      (A.54) 

Substituting sequentially for 𝐴 =
𝑘2

𝑘1
𝐵 and 𝐵 =

𝑘1

𝑘2
𝐴 (A.52) into eq. A.54, yields the 

following expressions for A and B: 
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   𝐴 =
𝑘2

𝑘1+𝑘2
(𝐴0 + 𝐵0 − 𝐶 − 𝐷)     (A.55) 

   𝐵 =
𝑘1

𝑘1+𝑘2
(𝐴0 + 𝐵0 − 𝐶 − 𝐷)     (A.56) 

Eqs. A.55,56 can the be substituted into the rate equations for D and C (eqs. A.50,51) to 

arrive at: 

   
𝑑𝐶

𝑑𝑡
= 𝑘3𝐵 =

𝑘1𝑘3

𝑘1+𝑘2
(𝐴0 + 𝐵0 − 𝐶 − 𝐷)    (A.56) 

   
𝑑𝐷

𝑑𝑡
= 𝑘4𝐴 =

𝑘2𝑘4

𝑘1+𝑘2
(𝐴0 + 𝐵0 − 𝐶 − 𝐷)    (A.57) 

Recall that the overall reaction rate is equal to 
𝑑𝐶

𝑑𝑡
+
𝑑𝐷

𝑑𝑡
 (A. 53), this allows us to write: 

  
𝑑𝐶

𝑑𝑡
+
𝑑𝐷

𝑑𝑡
=

𝑘1𝑘3

𝑘1+𝑘2
(𝐴0 + 𝐵0 − 𝐶 − 𝐷) +

𝑘2𝑘4

𝑘1+𝑘2
(𝐴0 + 𝐵0 − 𝐶 − 𝐷) = 

  
𝑘1𝑘3+𝑘2𝑘4

𝑘1+𝑘2
(𝐴0 + 𝐵0 − 𝐶 − 𝐷) = 𝑘(𝐴0 + 𝐵0 − 𝐶 − 𝐷)  (A.58)  

Where, 

  𝑘 =
𝑘1𝑘3+𝑘2𝑘4

𝑘1+𝑘2
         (A.59) 

Eq. A. 58 may be rearranged as: 

  
𝑑𝐶

𝑑𝑡
+ 𝑘𝐶 +

𝑑𝐷

𝑑𝑡
+ 𝑘𝐷 = 𝑘(𝐴0 + 𝐵0)      (A.60) 

Since C and D are multiplied by a common factor, we may solve this equation by using 

𝑒𝑘𝑡 as an integrating factor: 

  𝑒𝑘𝑡 (
𝑑𝐶

𝑑𝑡
+ 𝑘𝐶 +

𝑑𝐷

𝑑𝑡
+ 𝑘𝐷) = 𝑘(𝐴0 + 𝐵0)𝑒

𝑘𝑡     (A.61) 

Which upon integration yields, 

  ∫(𝐶𝑒𝑘𝑡)′ + ∫(𝐷𝑒𝑘𝑡)′ = ∫𝑘 (𝐴0 + 𝐵0)𝑒
𝑘𝑡𝑑𝑡 + 𝐶𝑜𝑛𝑠𝑡𝑎𝑛𝑡            (A.62a) 

  𝐶𝑒𝑘𝑡 + 𝐷𝑒𝑘𝑡 = (𝐴0 + 𝐵0)𝑒
𝑘𝑡 + 𝐶𝑜𝑛𝑠𝑡𝑎𝑛𝑡              (A.62b) 

Furthermore, assuming  𝐶 = 𝐷 = 0 at 𝑡 = 0, the constant of integration is simply: 
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  𝐶𝑜𝑛𝑠𝑡𝑎𝑛𝑡 =  −(𝐴0 + 𝐵0)                (A.62c) 

Thus, we can write: 

  𝐶𝑒𝑘𝑡 + 𝐷𝑒𝑘𝑡 = (𝐴0 + 𝐵0)𝑒
𝑘𝑡 − (𝐴0 + 𝐵0)              (A.62d) 

Which after multiplying by 𝑒−𝑘𝑡 provides the integrated rate law for product formation: 

  𝐶 + 𝐷 = (𝐴0 + 𝐵0)(1 − 𝑒
−𝑘𝑡)               (A.63) 

Eq. A.63 states that product formation is given by a single rate constant, 𝑘 (eq. A.59).  This 

implies that the individual expressions for C and D will include an additional factor to 

account for the branching into each respective channel.  This factor is acquired by 

considering the ratio of the rates for the formation of C and D (eq. A.58): 

  
 𝐶

𝐷
= 

𝑘1𝑘3
𝑘1+𝑘2
𝑘2𝑘4
𝑘1+𝑘2

=
𝑘1𝑘3

𝑘2𝑘4
        (A.63) 

Eq. A.63 can be manipulated to arrive at the following two expressions: 

  𝐶 =
𝑘1𝑘3

𝑘2𝑘4
𝐷                  (A.64a) 

  𝐷 =
𝑘2𝑘4

𝑘1𝑘3
𝐶                  (A.64b) 

Substituting eqs. A.64a, b into eq. A.63 thus provides the individual expressions for C and 

D: 

  𝐶(𝑡) =
𝑘1𝑘3

𝑘1𝑘3+𝑘2𝑘4
(𝐴0 + 𝐵𝑜)(1 − 𝑒

−𝑘𝑡)     (A.66) 

  𝐷(𝑡) =
𝑘2𝑘4

𝑘1𝑘3+𝑘2𝑘4
(𝐴0 + 𝐵𝑜)(1 − 𝑒

−𝑘𝑡)     (A.67) 

Finally, eqs. A.66, 67 can be substituted into eqs. A.55, 56 to obtain expressions for A and 

B following a few algebraic manipulations: 

  𝐴(𝑡) =
𝑘2

𝑘1+𝑘2
(𝐴0 + 𝐵0)𝑒

−𝑘𝑡       (A.68) 
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  𝐵(𝑡) =
𝑘1

𝑘1+𝑘2
(𝐴0 + 𝐵0)𝑒

−𝑘𝑡       (A.69) 

At this point, we have solved the mechanism under the assumption of an initial pre-

equilibrium between A and B. 

 

Kinetic Model for Scheme 4.1 

 

 In chapter four, kinetic simulations were shown using Scheme 4.1.  The details of 

this model are shown using the generalized reaction mechanism Scheme A.5. 

 

 

Scheme A.5. A generalized kinetic mechanism of Scheme 4.1 

 

 

The differential rate equations associated with Scheme 4.1 are the following: 

  
𝑑𝐴

𝑑𝑡
= −(𝑘1 + 𝑘2)𝐴 = −𝑘12𝐴           (A.70) 

  
𝑑𝐵

𝑑𝑡
= 𝑘12𝐴 − (𝑘3 + 𝑘6)𝐵 = 𝑘12𝐴 − 𝑘36𝐵     (A.71) 

  
𝑑𝐶

𝑑𝑡
= 𝑘12𝐴 − (𝑘4 + 𝑘7)𝐶 = 𝑘12𝐴 − 𝑘47𝐶     (A.72) 

  
𝑑𝐷

𝑑𝑡
= 𝑘3𝐵 + 𝑘4𝐶 − 𝑘5𝐷       (A.73) 

  
𝑑𝐹

𝑑𝑡
= 𝑘6𝐵 + 𝑘7𝐶 − 𝑘8𝐹       (A.74) 
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𝑑𝐸

𝑑𝑡
= 𝑘5𝐷 + 𝑘8𝐹 − (𝑘9 + 𝑘10 + 𝑘11)𝐸 = 𝑘5𝐷 + 𝑘8𝐹 − 𝑘901𝐸  (A.75) 

  
𝑑𝑃1

𝑑𝑡
= 𝑘9𝐸         (A.76) 

  
𝑑𝑃2

𝑑𝑡
= 𝑘10𝐸         (A.77) 

  
𝑑𝑃3

𝑑𝑡
= 𝑘11𝐸         (A.78) 

Integrating of eqs. A.70-75 results in the following integrated rate laws: 

 𝐴(𝑡) = 𝐴0𝑒
−𝑘12𝑡          (A.79) 

 𝐵(𝑡) =
𝑘1𝐴0

(𝑘36−𝑘12)
(𝑒−𝑘12𝑡 − 𝑒−𝑘36𝑡)        (A.80) 

 𝐶(𝑡) =
𝑘2𝐴0

(𝑘47−𝑘12)
(𝑒−𝑘12𝑡 − 𝑒−𝑘47𝑡) 

 𝐷(𝑡) =
𝑘1𝑘3𝐴0

(𝑘36−𝑘12)
[

1

(𝑘5−𝑘12)
(𝑒−𝑘12𝑡 − 𝑒−𝑘5𝑡) −

1

(𝑘5−𝑘36)
(𝑒−𝑘36𝑡 − 𝑒−𝑘5𝑡)] +

𝑘2𝑘4𝐴0

(𝑘47−𝑘12)
[

1

(𝑘5−𝑘12)
(𝑒−𝑘12𝑡 − 𝑒−𝑘5𝑡) −

1

(𝑘5−𝑘47)
(𝑒−𝑘47𝑡 − 𝑒−𝑘5𝑡)]    (A.81) 

 𝐹(𝑡) =
𝑘1𝑘6𝐴0

(𝑘36−𝑘12)
[

1

(𝑘8−𝑘12)
(𝑒−𝑘12𝑡 − 𝑒−𝑘8𝑡) −

1

(𝑘8−𝑘36)
(𝑒−𝑘36𝑡 − 𝑒−𝑘8𝑡)] +

𝑘2𝑘7𝐴0

(𝑘47−𝑘12)
[

1

(𝑘8−𝑘12)
(𝑒−𝑘12𝑡 − 𝑒−𝑘8𝑡) −

1

(𝑘8−𝑘47)
(𝑒−𝑘47𝑡 − 𝑒−𝑘8𝑡)]    (A.82) 

 𝐸(𝑡) = 

 
𝑘1𝑘3𝑘5𝐴0

(𝑘36−𝑘12)
{

1

(𝑘5−𝑘12)
[

1

(𝑘901−𝑘12)
(𝑒−𝑘12𝑡 − 𝑒−𝑘901𝑡) −

1

(𝑘901−𝑘5)
(𝑒−𝑘5𝑡 − 𝑒−𝑘901𝑡)] −

1

(𝑘5−𝑘36)
[

1

(𝑘901−𝑘36)
(𝑒−𝑘36𝑡 − 𝑒−𝑘901𝑡) −

1

(𝑘901−𝑘5)
(𝑒−𝑘5𝑡 − 𝑒−𝑘678𝑡)]} +

𝑘2𝑘4𝑘5𝐴0

(𝑘47−𝑘12)
{

1

(𝑘5−𝑘12)
[

1

(𝑘901−𝑘12)
(𝑒−𝑘12𝑡 − 𝑒−𝑘901𝑡) −

1

(𝑘901−𝑘5)
(𝑒−𝑘5𝑡 − 𝑒−𝑘901𝑡)] −

1

(𝑘5−𝑘47)
[

1

(𝑘901−𝑘47)
(𝑒−𝑘47𝑡 − 𝑒−𝑘901𝑡) −

1

(𝑘901−𝑘5)
(𝑒−𝑘5𝑡 − 𝑒−𝑘901𝑡)]} 
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 +
𝑘1𝑘6𝑘8𝐴0

(𝑘36−𝑘12)
{

1

(𝑘8−𝑘12)
[

1

(𝑘901−𝑘12)
(𝑒−𝑘12𝑡 − 𝑒−𝑘901𝑡) −

1

(𝑘901−𝑘8)
(𝑒−𝑘8𝑡 −

𝑒−𝑘901𝑡)] −
1

(𝑘8−𝑘36)
[

1

(𝑘901−𝑘36)
(𝑒−𝑘36𝑡 − 𝑒−𝑘901𝑡) −

1

(𝑘901−𝑘8)
(𝑒−𝑘8𝑡 − 𝑒−𝑘678𝑡)]} +

𝑘2𝑘7𝑘8𝐴0

(𝑘47−𝑘12)
{

1

(𝑘8−𝑘12)
[

1

(𝑘901−𝑘12)
(𝑒−𝑘12𝑡 − 𝑒−𝑘901𝑡) −

1

(𝑘901−𝑘8)
(𝑒−𝑘8𝑡 − 𝑒−𝑘901𝑡)] −

1

(𝑘8−𝑘47)
[

1

(𝑘901−𝑘47)
(𝑒−𝑘47𝑡 − 𝑒−𝑘901𝑡) −

1

(𝑘901−𝑘8)
(𝑒−𝑘8𝑡 − 𝑒−𝑘901𝑡)]}  (A.83) 

By defining the following quantities: 

  𝑙 =  
1

𝑘12
(𝑒−𝑘12𝛼)(1 − 𝑒−𝑘12𝛥)      (A.84) 

  𝑚 = 
1

𝑘901
(𝑒−𝑘901𝛼)(1 − 𝑒−𝑘901𝛥)      (A.85) 

  𝑛 =  
1

𝑘5
(𝑒−𝑘5𝛼)(1 − 𝑒−𝑘5𝛥)       (A.86) 

  𝑜 =  
1

𝑘36
(𝑒−𝑘36𝛼)(1 − 𝑒−𝑘36𝛥)      (A.87) 

  𝑝 =  
1

𝑘47
(𝑒−𝑘47𝛼)(1 − 𝑒−𝑘47𝛥)      (A.88) 

  𝑞 =  
1

𝑘8
(𝑒−𝑘8𝛼)(1 − 𝑒−𝑘8𝛥)       (A.89) 

The SPIDRR fragment signal as function of τ can then be given by the sum of four 

components: 

 𝑆(𝜏) = ∫
𝑑𝑃1,2,3

𝑑𝑡
𝑑𝑡 =

(𝜏+𝛼+∆)

(𝜏+𝛼)
𝑘9, 𝑘10, 𝑘11  × ∫ 𝐸(𝑡)𝑑𝑡 

(𝜏+𝛼+∆)

(𝜏+𝛼)
=  

 𝑆1(𝜏) + 𝑆2(𝜏) + 𝑆3(𝜏) + 𝑆4(𝜏)                (A.90a) 
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Where, 

 𝑆1(𝜏) =  𝑘9, 𝑘10, 𝑘11  × 

 
𝑘1𝑘3𝑘5𝐴0

(𝑘36−𝑘12)
{

1

(𝑘5−𝑘12)
[

1

(𝑘901−𝑘12)
(𝑙𝑒−𝑘12𝜏 −𝑚𝑒−𝑘901𝜏) −

1

(𝑘901−𝑘5)
(𝑛𝑒−𝑘5𝜏 −

𝑚𝑒−𝑘901𝜏)] −
1

(𝑘5−𝑘36)
[

1

(𝑘901−𝑘36)
(𝑜𝑒−𝑘36𝜏 −𝑚𝑒−𝑘901𝜏) −

1

(𝑘901−𝑘5)
(𝑛𝑒−𝑘5𝜏 −

𝑚𝑒−𝑘901𝜏)]}                    (A.90b) 

 𝑆2(𝜏) = 𝑘9, 𝑘10, 𝑘11  × 

 
𝑘2𝑘4𝑘5𝐴0

(𝑘47−𝑘12)
{

1

(𝑘5−𝑘12)
[

1

(𝑘901−𝑘12)
(𝑙𝑒−𝑘12𝜏 −𝑚𝑒−𝑘901𝜏) −

1

(𝑘901−𝑘5)
(𝑛𝑒−𝑘5𝜏 −

𝑚𝑒−𝑘901𝜏)] −
1

(𝑘5−𝑘47)
[

1

(𝑘901−𝑘47)
(𝑝𝑒−𝑘47𝜏 −𝑚𝑒−𝑘901𝜏) −

1

(𝑘901−𝑘5)
(𝑛𝑒−𝑘5𝜏 −

𝑚𝑒−𝑘901𝜏)]}                    (A.90c) 

  𝑆3(𝜏) = 𝑘9, 𝑘10, 𝑘11  × 

 
𝑘1𝑘6𝑘8𝐴0

(𝑘36−𝑘12)
{

1

(𝑘8−𝑘12)
[

1

(𝑘901−𝑘12)
(𝑙𝑒−𝑘12𝜏 −𝑚𝑒−𝑘901𝜏) −

1

(𝑘901−𝑘8)
(𝑞𝑒−𝑘8𝜏 −

𝑚𝑒−𝑘901𝜏)] −
1

(𝑘8−𝑘36)
[

1

(𝑘901−𝑘36)
(𝑜𝑒−𝑘36𝜏 −𝑚𝑒−𝑘901𝜏) −

1

(𝑘901−𝑘8)
(𝑞𝑒−𝑘8𝜏 −

𝑚𝑒−𝑘901𝜏)]}                    (A.90d) 

 𝑆4(𝜏) =  𝑘9, 𝑘10, 𝑘11  × 

 
𝑘2𝑘7𝑘8𝐴0

(𝑘47−𝑘12)
{

1

(𝑘8−𝑘12)
[

1

(𝑘901−𝑘12)
(𝑙𝑒−𝑘12𝜏 −𝑚𝑒−𝑘901𝜏) −

1

(𝑘901−𝑘8)
(𝑞𝑒−𝑘8𝜏 −

𝑚𝑒−𝑘901𝜏)] −
1

(𝑘8−𝑘47)
[

1

(𝑘901−𝑘47)
(𝑝𝑒−𝑘47𝜏 −𝑚𝑒−𝑘901𝜏) −

1

(𝑘901−𝑘8)
(𝑞𝑒−𝑘8𝜏 −

𝑚𝑒−𝑘901𝜏)]}                    (A.90e) 

All simulations using eqs. A.90a-e were performed with α = 3 μs and Δ = 37 μs. 
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